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This thesis presents a study of neutron production in two types of proton-therapy systems:
passive scattering Mevion S250, and active scanning Mevion S250i. The scattering system has
been operating at Washington University in St. Louis since 2013. The scanning system was installed in the same building in 2020. The scanning system has the advantage of producing fewer
neutrons due to a focused scanned beam and the absence of beam scatterers, collimators, and
a static brass aperture. A systematic particle transport Monte Carlo analysis using the Geant4
toolkit has been performed to track the neutrons produced in various components of each of the
two proton-therapy systems. The main analysis is based on the neutron fluence spectra incident
onto a water phantom. The water phantom models the body of the patient. The total neutron
xxii

fluence is decomposed into several neutron fluence contributions received from each component in the proton beam nozzle and those items in the treatment room. Dividing the fluence
spectra into multiple contributions has been made possible by the TTree method in the ROOT
data analysis software, and its implementation in Geant4. Each fluence spectrum has been
transformed into the total neutron absorbed dose-equivalent per treatment Gy to the isocenter.
Pie charts for the neutron dose-equivalent contributions of various components are obtained,
and the variations of the contributions of the various components of the system as a function
of both the delivered beam energy and the field size are analyzed. Neutron dose-equivalent
profiles as a function of position inside the treatment room are presented. Simulations of both
systems are benchmarked against the experimental data of the proton profiles, neutron spectra,
and neutron total dose-equivalent measurements. Two measurement techniques are discussed:
Bonner spheres, for obtaining the neutron fluence spectrum, and WENDI chamber, for determination of the neutron total, i.e. integrated, dose-equivalent. The main conclusions from the
study involved understanding the dependence of the internal neutron ratio on the beam energy
and the field size. In addition, the amount of reduction of the secondary neutron production by
the scanning system compared to the scattering system was a part of the aims of the presented
analysis.
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Chapter 1: Introduction

1.1

Background

Cancer is the second leading cause of death in the US. According to the Centers for Disease
Control and Prevention (CDC), about 600,000 deaths were caused by cancer in 2019 [1]. The
rate of new cases is 442 per 100,000 men and women per year in the US [2]. Worldwide, there
were 18.1 million new cancer cases in 2018 and 9.5 million cancer-related deaths in the same
year, based on the statistics provided by the World Health Organization (WHO) [2]. Generally,
there are three ways to treat cancer: surgery, chemotherapy, radiation therapy. It is estimated
that 50% of cancer patients receive radiation therapy [3].
Radiation therapy uses radiation which can be both directly or indirectly ionizing. Nonionizing radiation such as visible light (e.g. photodynamic therapy [4], [5]) and ultrasound
(e.g. highly intense focused ultrasound or HIFU [6]) can also be used for cancer treatment.
Examples of directly ionizing radiation are charged particles such as electrons, protons, or other
heavier ions. Indirectly ionizing radiation includes neutral particles like photons or neutrons.
Radiation therapy can be in the form of external or internal radiation (brachytherapy). External
radiation can be done with photons, electrons, protons, heavy-ions and neutrons. Heavy-ions
include alpha particles, carbon-ions and other heavier nuclei.
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Conventional radiation therapy is mostly done by generating photons with high-energy electrons (6-18 MV). Ion therapy offers the advantage of lower integral dose, and better sparing the
healthy organs beyond the irradiated target, due to the energy deposition profile, i.e. the energy
deposited per unit path length dE/dx that culminates in the Bragg peak [7], [8].

Proton-therapy facilities require either an isochronous cyclotron, synchrocyclotron, or synchrotron. The beam-delivery type can be passive scattering or pencil-beam scanning. The latter
is more common, and the former is being phased out. There are several vendors for protontherapy machines: IBA (Ion Beam Applications, Walloon Brabant, Belgium), Varian (Varian
Medical Systems, Inc., Palo Alto, CA, USA), Hitachi (Hitachi, Chiyoda City, Tokyo, Japan),
and Mevion (Mevion Medical Systems, Littleton, MA, USA). Typically, in order to reduce the
entrance dose to the patient, depending on the depth and size of the tumor, several beams are
used. Usually, there is a gantry rotating around the patient to deliver the radiation from different
entry points that all converge on the tumor.

As of this writing (May 2021), there are 109 particle therapy facilities in operation worldwide, 97 of them using proton beams (39 in the US). Among these centers, 57 are using cyclotrons, 13 are using synchrocyclotrons, 42 are using synchrotrons, and 5 centers are using
the Mevion systems with synchrocyclotron accelerators. The latter are deployed here at Washington University. One unique feature of the Mevion systems is that, due to the modest weight
of the accelerator (15 tonnes), the accelerator can be directly mounted on a rotating gantry.
In other machines, the accelerator is in a separate room, and there is a beamline to guide the
ion beam from the accelerator to a rotating gantry around the patient. Each of these designs
has its own advantages and limitations, suggesting that their secondary neutron production is
design-specific and machine-specific.
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One concern in proton-therapy is the associated neutron dose [9]. Interaction of high-energy
protons with matter leads to the generation of neutrons from the material that the protons hit.
This neutron generation is most prevalent if the struck material has a high atomic number. The
neutron dose to the patient can be categorized as internal and external. Internal dose is caused
by the neutrons created inside the patient as a result of the interaction of the treatment beam
with the patient’s body. This component is unavoidable. However, there is also an external
dose (or source) contribution due to neutrons that are created inside the treatment machine and
either directly hit the patient or scatter multiple times in the room and then hit the patient. This
external component depends on the machine and room designs.
In this dissertation, I have studied the neutron dose to a water phantom (i.e. a cubic water
container with a side length of 35 cm) that models a patient, in two Mevion proton-therapy
machines: the passive scattering and pencil-beam scanning systems. I have used the Geant4
Monte Carlo simulation toolkit to conduct numerical calculations of the neutron dose as a
function of different parameters including energy, distance, room design, and machine design.
I also have used the ROOT TTree data structure framework to further analyze the source of
the neutrons from each component. By calculating the neutron spectrum, I have calculated the
neutron dose-equivalent as a function of distance from the isocenter. The isocenter is the central
point in the treatment room through which the imaginary rotational axis of the gantry passes
and the proton beam is always delivered to the water phantom or the patient at this point.

1.2

Physics of proton-therapy

The physics involved in proton-therapy is based on electromagnetic and nuclear interactions.
Energies of the secondary radiation fields, i.e. secondary neutrons, span from thermal (0.025
3

eV) up to few hundreds of MeV, the latter determined by the maximum energy of the primary
protons. The high-energy protons (i.e. the protons that exist in the nozzle, extracted with up to
200 MeV from the accelerator and degraded down to a few tens of MeV before delivery) collide
with electrons and nuclei along their trajectories. The collisions result in nuclear reactions in
the components of the beam delivery system. An inevitable by-product of such interactions is
high-energy neutrons with probabilities for their products that depend on the type of the target
materials. Neutrons are hazardous for the human body, generating doses not in the prescription
such as the therapeutic proton dose, and are hard to shield because they are neutral [10].

The main external source of neutrons is the beam shaping components. They generate neutrons by nuclear reactions when the shaping components are subjected to high-energy protons.
Among the secondary particles generated in such hadronic reactions are photons, electrons, and
nucleons all of which are important in proton-therapy simulations. The outcome of the simulations depends on the cross-section data used for the reactions involved. The cross-section
for an event type is related to the probability for that event to occur. It can be visualized as an
area that the target presents to the particles of an incident beam. Different possible reactions
could occur as a result of a collision. For example, an incoming neutron could be absorbed or
elastically scatter, other types of reactions, i.e. various inelastic reactions, could happen alternatively. Each of these possible reactions has a probability that is represented by a cross-section
area that is presented to the incoming particle. These cross-sections depend on the incident
particle’s energy [10].

The primary protons within the range of 250 MeV easily overcome the Coulomb barrier
presented by any target material thus enabling nuclear reactions. The reactions of interest
include direct and compound nucleus-producing reactions. In direct reactions, a proton with
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enough energy (usually above 20 MeV) interacts with a nucleon inside the nucleus and transfers
a large fraction of its energy to the struck nucleon. Such reactions lead to the production of
high-energy nucleons, including neutrons. The residual nucleus is also generally excited and
its de-excitation can produce more neutrons. A single proton can produce more than one direct
reaction (in different nuclei) and each of these reactions can produce more than one neutron,
although generally only one high-energy neutron, per direct reaction. The exit channel might
include a fast proton and a fast neutron with less energy than the incident proton and in addition,
as mentioned above, the remaining nucleus could be in a highly excited (compound-nuclear)
state. The decay of the excited, or compound-nuclear state, will usually generate neutrons in the
1-10 MeV range through a process called evaporation [10], [11]. In this evaporation process,
there is a statistical probability that a single neutron within the nucleus acquires enough energy
to overcome the nuclear binding energy and “evaporate” from the nucleus. (This is analogous
to a molecule of water acquiring enough energy to overcome its binding energy in the liquid
state and “evaporate” into the vapor phase). Evaporation of neutrons usually lead to a large
peak in the neutron spectra produced in proton-therapy machines and thus peaks in the few
MeV region are observed in the simulations provided in the following Chapters.

In order to understand why excited nuclei usually evaporate neutrons, a simple model of
atomic nuclei is needed. A negative, i.e. attractive, square potential can be used to describe
the attractive nuclear force that binds the nucleons together. As the number of protons increases, a (positive) Coulomb interaction is added to the nuclear potential acting on the protons. Therefore, the potential well for the protons is less deep, as neutrons are not affected by
the Coulomb interaction. Thus, to achieve beta-equilibrium, i.e. approximately equal neutron
and proton Fermi energies, heavy nuclei have more neutrons than protons as a result of the
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proton-to-neutron beta-decay processes [11]. While the Fermi levels are about equal in betastable nuclei, the energy neutrons and protons need to escape a nucleus differ considerably.
Neutrons just need to acquire enough energy to overcome the nuclear binding while protons
have to also overcome the (external) remainder of the Coulomb potential. This extra energy
suppresses proton evaporation for all but the nuclei with the lowest atomic number. Figure 1.1
shows a schematic of the beta-equilibrium process in which the corresponding nucleus changes
four of its protons into four neutrons.

Figure 1.1: Beta-equilibrium occurring at the Fermi energy level εF . a) An equal number of protons and neutrons
in the absence of the positive Coulomb potential. b) Increasing the Fermi level of protons due to the Coulomb
potential. c) Positive beta-decay of protons into neutrons in order to balance the Fermi surface for both protons
and neutrons.

The nuclear interactions described above can occur inside the nozzle components. For some
materials, the half-life of the decay or disintegration of the excited nuclei is long enough to
make the irradiated material radioactive. For example, a brass aperture can become radioactive
after a treatment session, or a 12 C can become a 11 C in a (p,pn) reaction with about 20 minutes
half-life followed by a positive-beta decay or an electron capture. These are sources of hazard
for the staff working around the proton-therapy facilities. Neutrons interact inside materials
by hadronic interactions with their nuclei. The nuclei within materials are distributed highly
sparsely, even in the densest elements. As a result, neutrons move long distances before being
scattered or absorbed by the nuclear cores of atoms [10].
Biological tissues present target nuclei that are generally rather light. Therefore, while
6

the Coulomb barrier discussion is relevant it is not all that must be considered. The most
important secondaries produced by neutron interactions with biological matter are protons,
alpha particles, and deuterons. Neutrons in the MeV region can break up the heavier elements
inside the tissue. For example, an energetic neutron could break up a

12

C into three alphas.

Such particles have large linear energy transfer (LET) and therefore are highly destructive to
the cells. Exposure to neutron irradiation is thus highly damaging for living tissues, and since
they only attenuate by nuclear reactions, it is important to study methods to both minimize their
initial production and optimize the shielding from neutron fields in a proton-therapy room.
As high-energy protons move through matter, they negligibly deflect as compared with
electrons. The small deflection is due to their large mass compared to electrons. As a result, the
deposition of the dose is well-localized. A distinctive property of proton beams is the precise
dose distribution within the target volume. Such a dose distribution minimizes the exposure of
the healthy tissues, around the target tumor, to direct irradiation.
Protons deposit energy and stop inside the matter mainly as a result of electromagnetic
interactions with the orbital electrons within the target material. The number of Coulomb
interactions that primary protons have with electrons is far more than the number of interactions
with atomic nuclei. For protons in energy ranges used in proton-therapy (e.g. with 16 cm depth
dose in water), about 20% of the beam is lost by nuclear inelastic reactions with the atomic
nuclei [12]. For the rest of 80% beam particles, less than 1% of the total energy loss for protons
is due to the elastic interactions with the atomic nuclei, while half of the energy loss occurs by
the soft inelastic reactions and the other half by the hard inelastic collisions with the atomic
electrons.
Energy deposition happens by ionizing or exciting the atomic electrons. Soft inelastic inter7

actions are those by which the proton affects the outer shell electrons. On the other hand, when
a proton hits an inner shell electron,i.e. a hard inelastic collision, a delta electron is produced.
Delta rays carry the proton energy away from the interaction point. Soft interactions happen
much more frequently than hard collisions, however, the rate of energy loss due to both reaction
types are comparable [13].
The rate of energy loss increases as protons move further. This causes a peak in the deposited energy called the Bragg peak. The Bragg peak occurs toward the end of the proton’s
trajectory. The rate of energy transfer to its surrounding medium, as it travels through it, is
determined by the stopping power dE/dx. The interactions that define the stopping power are
stochastic. Consequently, the stopping range is also stochastic. The uncertainty of the stopping
distance is called range straggling [13].
In this dissertation, the main focus is on the neutron production within the nozzle components and room facilities of both a passive-scattering and an active-scanning proton-therapy
system. In the former system, the protons pass through the nozzle after extraction from the
synchrocyclotron. The nozzle components include the first scatterer made of lead, the range
modulation wheel made of lead, Lexan, and graphite, the second scatterer mainly made of
Lexan, and the collimation system that consists of stainless-steel and brass.
The active-scanning system is similar in the extraction of the protons from the synchrocyclotron. The protons are guided first through monitor chambers and two scanning quadrupole
magnets that deflect the beam horizontally and vertically. The beam of protons then passes
through an energy modulation system (EMS). EMS is made of Lexan plates with various thicknesses. Different combinations of the EMS plates are implemented to obtain various output
beam energies. Finally, the pencil beam is further trimmed by an adaptive aperture made of 14
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nickel plates. The adaptive aperture system shrinks the proton beam penumbra and makes the
dose more localized. The medium and heavy elements included in the components described
above for both types of proton systems generate secondary neutrons.
Various types of radiations cause different depth dose profiles in a target volume. Figure
1.2 shows Geant4 simulated depth dose functions normalized to their maximum dose values in
water. Proton beam with 200 MeV initial energy, neutron beam with 15 MeV initial energy,
photon beam with 20 MeV initial energy, and electron beam with 40 MeV initial energy profiles
have been plotted in Figure 1.2. It can be seen that the proton beam deposits a low dose near the
entrance while its Bragg peak happens at the end. Proton dose deposit function in a medium
follows the Bethe-Bloch formula [13] which describes the stopping power of the charged
particles as a function of their energy and the medium properties such as the atomic number.

Figure 1.2: Normalized depth dose in water for a 200 MeV proton (blue), 15 MeV neutron (green), 20 MeV
gamma (red), and 40 MeV electron (black).

A derivation of the Bethe-Bloch stopping power formula using reference [14] is presented
in the following lines. For a moving positive ion with the atomic number z along the x-axis,
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interacting with an electron, we can consider an impact parameter b between the ion and the
electron along the y-axis and a distance x between the two along the x-axis. the Coulomb
force can be split into the transverse F⊥ (x) and parallel Fk (x) components with respect to the
direction of motion of the ion. Integrating the forces along the trajectory renders the value of
zero for the parallel component. However, the time integral of the transverse force results in
the amount of momentum transfer from the ion to the electron.

ze2 b
(x2 + b2 )3/2

F⊥ (x) =

∆Pe =

(1.1)

∞

Z

F⊥ (x) dt

(1.2)

0

The time integral’s differential dt can be replaced with dx/vI where vI is the ion’s velocity, and
can be assumed as a constant quantity. With this replacement, the value for the momentum
transfer is:

∆Pe =

2ze2
bvI

(1.3)

From the transfer of momentum, the energy transferred to the electron can be derived:

∆ε =

(∆Pe )2
2z2 e4
=
2me
me b2 v2I

(1.4)

Given dn electrons in a ring with impact parameter of b and b+db, the corresponding differential
energy loss is:

dElost = ∆ε · dn =

2z2 e4
n · Z · 2π · b · db · dx
2me b2 v2I
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(1.5)

Where Z is the atomic number of the target medium and n is the atomic density of the tarcaused by all the electrons
get. Integrating over the impact parameter results in the total − dE
dx
surrounding the ion’s trajectory. The result of the integration of the above equation is:

−

dE 2πe4 nZ z2 M bmax
=
ln(
)
dx
me
E
bmin

(1.6)

Using the following arguments, bmin and bmax can be replaced. According to the uncertainty
principle, the smallest impact parameter could be estimated by:

bmin =

h
h
≈
∆pe 2me vI

(1.7)

Next, the period of interaction should be comparable to the characteristic period of the atomic
excitation. This sets a cut-off value on the impact parameter by νbmax ≈ vI . The final formula of
the Bethe-Bloch stopping power obtained by the above replacements and by adding relativistic
corrections is:

−

dE
4πe4 nZ z2 1 2me c2 β2 γ2 T max
δ(βγ)
=(
)( 2 )[ ln(
) − β2 +
]
2
2
dx
me c
β 2
I
2

where
β = vI /c : ion’s relativistic velocity
T max ≈ 2me c2 β2 γ2 /[1 + 2γ(me /MI ) + (me /MI )] : maximum energy transfer
γ2 =

1
1−β2

: Lorentz factor

I ≈ 10 Z eV : mean excitation energy of the medium
δ(βγ) : density correction
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(1.8)

Ionizing radiation forms a broad sub-field of physics, with important applications in medical
physics, space physics, nuclear and particle physics. The main applications of radiation physics
in medical sciences involve radiation therapy, imaging, and radiation shielding. Various types
of primary ionizing radiations are employed in radiation therapy, including electrons, gammarays, protons, neutrons, and heavy ions.

Exposure to neutron radiation can cause significant damage to tissue cells, even worse than
the other types of radiation. In contrast to photons, neutrons are heavy particles, and unlike
protons, they are charge-less. Thus they carry significant momenta deep into the body and
make elastic or inelastic interactions with the nuclei in cells, including the nuclei in cellular
DNA. Moreover, neutron’s biological effect varies with energy and is represented by a weighting factor that reaches 22 times greater effectiveness in the MeV region than the same dose
absorbed by photons. This behavior can be ascribed to the effect of the MeV-range neutrons on
nuclei in the human body. For example, a 7.6 MeV neutron can break up a 12 C into three alpha
particles. Alpha particles have high linear energy transfer (LET i.e. the amount of energy lost
by the particle per unit length traversed by it) and therefore are considered highly damaging to
the tissue. The behavior of neutron relative biological effect is represented in Figure 1.3.

Elastic interaction of the fast and intermediate neutrons with nuclei reduces their energies.
The lower the mass of the target, the greater the moderation of the neutron energy. Therefore
hydrogen is the most effective element for neutron moderation. Fast neutrons thermalize in
about 30 elastic collisions with protons. With decreasing neutron energy, the probability of the
capture of these neutrons on other nuclei increases. This capture leads to compound nucleus
formation and subsequent gamma-ray production.
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Figure 1.3: Neutron weighting factor wR , representing the biological damaging effectiveness of neutrons at different energies [15].

1.3

Proton-therapy accelerators and beam-delivery

Proton-therapy is a method of cancer treatment capable of delivering prescribed doses to cancerous cells with a precise distribution while maintaining the surrounding healthy cells at a
relatively lower dose exposure compared to other types of radiation therapy such as electronor photon-therapy. This is because the protons with higher energies deposit a lower dose, defined as energy per unit mass dE/dm, and as they pass through the human tissue and slow down,
they reach a maximum dose deposition near the end of their path. Beyond this distance, there
is no dose from the primary protons.
The facilities of a proton-therapy environment usually occupy a multi-room space with a
large room specific to a proton accelerator from which the high-energy protons are guided to
the treatment rooms. Construction of such proton centers is faced with cost and space barriers, as well as complex maintenance [16]. On the other hand, compact proton-therapy systems
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are single-room machines in which the accelerator is mounted on the same gantry on which
the nozzle rotates. They reduce the cost in many aspects: the treatment machine facility, construction, space, and maintenance. As a consequence, these machines facilitate the delivery of
proton-therapy to a larger number of people at lower costs.
During the last few decades, various types of particle accelerators have been developed.
Particle accelerators operate based on the Lorenz force. An accelerated particle gains energy
only from the electric component of the Lorentz force. Time-varying fields are mostly used in
accelerators, using radiofrequency electric fields [17].
The accelerating elements employ electrical potential gradients up to a few MV/m to avoid
electrical breakdown. Charged particles can pass along a sequence of accelerating components
once, which corresponds to single-pass accelerators such as linear accelerators (linacs), or they
could be accelerated through many cycles, that corresponds to multi-pass accelerators such
as cyclotrons, which are more efficient but are accompanied by beam injection and extraction
issues [17].
Linear accelerators (liancs) are mainly employed for electron and X-ray therapy. However,
for proton (carbon-ion) therapy cyclotrons or synchrocyclotrons are used to raise the proton
(carbon-ion) beam energy up to 250 MeV (430 MeV/nucleon). Several particle acceleration
techniques are described in the following subsections.

1.3.1

Cyclotrons and synchrocyclotrons

Cyclotrons describe the main process of acceleration using magnetic fields to rotate the charged
particles in an outward spiral as drawn in Figure 1.4. Modifications to the original concept of a
cyclotron, such as synchrocyclotrons or synchrotrons, are predominantly used in hadron ther14

apy. In a classical cyclotron, two D-shape electrodes are placed in between electromagnet disks.
The electrical potential between the two electrodes oscillates, creating a sinusoidal electric field
between the two “D-electrodes”. Charged particles are injected at the center of the D-electrodes
and are accelerated by the electric field. The charged particles move in a spiral path because
the D structures are inside of a magnetic field. Each passage from one D to another increases
the energy of the particles and hence their radius. This effect pushes the beam toward the edge
of the cyclotron where they are extracted [17].
Achieving efficiency in the acceleration process requires syncing the oscillating potential
frequency with the particle passage between the D-electrodes. The frequency must therefore
satisfy the relation:

fcyclotron =

qB
h
2πmγ

(1.9)

Here q and m are the charge and mass of the particle, B is the magnetic field, γ is the Lorentz
factor, and h is an integer called harmonic number [18].
The constant frequency in cyclotrons restricts the Lorentz factor and the energy to nonrelativistic regions. Due to the relativistic mass increase with energy, the acceleration of protons
in a classical cyclotron is limited to below about 30 MeV. To overcome this relativity problem,
synchrocyclotrons were developed. These machines adapt the frequency to lower values as the
energy increases [17]. A limitation of this method is that only one “bucket” of particles is in
the machine at any one time. The extracted “buckets” of particles are spaced apart by about a
millisecond as opposed to a real cyclotron for which there are 10 to 100 times more buckets per
unit time. (There are far more particles in each bucket in a synchrocyclotron.)
Another way to deal with relativity while keeping the frequency constant is to increase the
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magnetic field as the particle energy, or equivalently its radius, increases. Producing stronger
fields near the edges of the magnet generates a semi-continuous high-energy beam. This
method is employed in isochronous cyclotrons. In these machines the beam buckets are at high
frequency as there are many (100’s) buckets in the machine, being synchronously accelerated,
at any time.
The cyclotrons used for proton-therapy have fixed energy (The magnetic field profile and
frequency are fixed). An external energy selection system is necessary to reduce the beam’s
energy to what is required. Blocks of carbon with various thicknesses are usually used in the
beam path. In the context of this work, a Mevion S250 system utilizes a range modulation
wheel (RMW) with 18 steps of different thicknesses mainly made of carbon, Lexan, and thin
layers of lead.

Figure 1.4: Schematic of the two ”D” electrodes of a cyclotron embeded in a magnetic field B pointing outward
from the plane.
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1.3.2

Synchrotrons

Well-known accelerators such as the LHC use synchrotrons. Synchrotrons are also employed
to accelerate hadrons and electrons for clinical uses. Evacuated, close-loop beam pipes surrounded by various elements such as dipole magnets bend the beam. Quadrupole and sextupole
magnets are used to focus or de-focus the beam. Radio-frequency (RF) cavities that accelerate
the particle bunches are the main components of a synchrotron. In contrast to cyclotrons that
accelerate the particles from a stationary state, in a synchrotron a pre-accelerated beam must
be injected into the main evacuated pipe, circulating for about 106 times. Increasing energy of
the beam is accompanied by ramping up the magnetic field strengths. It takes around 0.5 s to
complete this process and after that, the beam is extracted slowly over an interval of 0.5 s to 5
s [17].
Some of the advantages of synchrotrons are control of the beam energy and thus no need for
energy selection systems reduced spread in the beam energy, reduction in radioactivity by not
using collimators, and a more uniform output beam current. However, they require significantly
larger installation spaces, from 5 to 40 m radius. The strength of magnets in a synchrotron is
determined by the maximum energy of its output beam [17]. In Appendix F of this thesis,
the list of worldwide cyclotron-, synchrocyclotron-, and synchrotron- based proton-therapy
facilities have been provided.

1.3.3

Beam delivery systems

Delivery of the particle beam from the cyclotron to the patient involves three stages: beam
transport, beam-delivery angle by gantry rotation, and beam energy and size adjustment by
the nozzle. For Mevion S250 and S250i, the cyclotron is mounted on the gantry in a single
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room, and therefore the transport stage is omitted. In general, when the cyclotron is distanced
from the treatment room, beam transportation includes the use of evacuated pipes, dipole and
quadrupole magnets for beam bending and refocusing [17].
The next stage of the beam-delivery is performed by the gantry to move the beam and
irradiate the patient from various angles, rotating about a horizontal axis. The beam exiting
the gantry always points toward the isocenter. In electron therapy, the entire gantry fits in the
treatment room and usually a linac is mounted on it. For heavy-ions or protons, the gantry
is much larger, containing the beam tube and the nozzle. In Mevion proton systems an inner
gantry and an outer gantry are used. The inner gantry contains the nozzle and sets the beamdelivery angle. The outer gantry adjusts the cyclotron with the inner gantry nozzle.
Passage of the beam through the nozzle requires several steps. Monitoring the beam parameters, modulating its energy according to the target depth in tissue, and trimming or scanning
the beam into the desired field size are the main functions of the nozzle. The passive scattering
and active scanning systems are discussed in the following sections.

1.3.4

Passive scattering systems

In the scattering machines, the nozzle contains several components, each with specific functionalities. The beam is laterally broadened by the multiple Coulomb scattering using a high-Z
material. A flat lead foil is used in the Mevion scattering system for this purpose. The energy
modulation system contains a range modulation wheel and range shifters. A second scatterer
with a bell-shaped design makes the beam uniform across an area.
To cover the entire target tissue uniformly in its depth, longitudinal enlargement of the peak
region in the depth dose profile is required. The common approach in a scattering system is to
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use a range modulator wheel (RMW). The RMW is a rapidly rotating disk with several steps
with different thicknesses. Each step thickness corresponds to a specific amount of beam energy
loss and thus the ultimate range of the proton’s pristine peak. Pristine peaks are irradiated onto
the tissue in a superposition and create a region with an approximately flat dose curve known
as the spread-out Bragg peak or SOBP.

An important step in a scattering system is the second scattering process. The second
scatterer has a more elaborate design than the first scatterer. In the Mevion S250 system, it is
made of Lexan, lead, and a peripheral brass ring. The main purpose of a second scatterer is
to distribute the protons uniformly in energy and flux across the beam plane. After the first
scattering step, protons farther from the beam central axis carry less energy. Without a second
scatterer, a convex energy deposition profile is produced. The second scatterer is designed
to further reduce the ranges of the protons that are closer to the center of the beam, as those
protons have slightly more energy, due to their less scattering in the previous steps of the beam
modulation. With a larger water-equivalent thickness toward the center, the central protons
deposit more energy in the second scatterer, while protons farther from the central axis deposit
less energy. To minimize the transverse spread by the second scatterer, a low-density material,
such as Lexan, is used. The Lexan is designed in a concave bell-shaped form. The large waterequivalent thickness toward the center is due to a thin convex bell-shaped layer of lead.

Prior to the beam delivery, the modulated beam passes through the collimator, which usually
is a steel cylinder. Collimators guide the modulated beam through the nozzle toward the patientspecific aperture. The aperture, usually made of brass, trims the beam edges to match the target
tissue. Finally, a patient-specific compensator fine-tunes the beam to minimize the exposure
of the healthy surrounding tissue to the beam. The compensator in the Mevion S250 system is
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made of lucite and designed for each treatment based on the shape and size of the target tissue.

1.3.5

Active scanning systems

Scanning machines utilize fewer components in the beam path. Dipole and quadrupole magnets scan and refocus the beam before entering the energy modulation system. Some modern
nozzles include in-room X-ray imaging devices which are out of the beam path [17].
The active scanning method is of specific interest in terms of reduction of the secondary
neutrons production per treatment dose delivered to the patient. Thus it reduces the possibility
of secondary cancer. The output beam from the cyclotron passes through the magnetic fields of
a pair of dipoles, one deflecting it along the horizontal direction, the other along the vertical.
Scanning across the transverse direction is performed by tuning the strength of the dipole magnetic fields. The energy modulation system (EMS) consists of several Lexan slabs of different
thicknesses that move into or out of the beam path. The EMS plates configuration defines the
depth of the pencil beam through the irradiated tissue [17].
The advantages of the pencil-beam scanning over the passive scattering technique include
highly precise dose deposition and accurate scanning with sharp penumbras. The accuracy in
transverse dose deposition results from the magnetically focused and deflected beam that is collimated with an adaptive aperture. Moreover, the scanning nozzle adds considerable flexibility
resulting from the absence of patient-specific hardware. Lastly, the scanning nozzle enhances
the safety of the patients and personnel in terms of radiation protection. That is mainly due to
a considerable reduction of the wasted protons that happens in the trimming and collimating
processes in a passive system which leads to less radioactive activation in the components [17].
The scanning process of the target breaks down the tumor into a three-dimensional grid with
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a resolution that is determined by the size of the pencil beam. Active scanning resembles a 3D
painting in which the target voxels are irradiated sequentially. However, in order to reduce the
effects of target movements, the complete dose is delivered in several iterations, an approach
named “repainting” [19], [20].

1.3.6

Synchrocyclotron modeling

The synchrocyclotron in both scattering and scanning Mevion systems includes a 60 cm diameter accelerating chamber consisting of a superconducting magnet held at the temperature
of 4.2 K [20], operating with an electric current of 2000 A to produce a 9.6 Tesla magnetic
field. In the scattering and scanning systems, proton beams are accelerated to 250 MeV and
227 MeV, respectively. The beam leaves the synchrocyclotron into the nozzle at the extraction
stage. Around 50% of the protons are lost in the extraction phase. The effect of these protons
in neutron production has been considered in the simulations discussed in Chapters 2 and 3.
Simple modeling of the synchrocyclotron in the Geant4 code is shown in Figure 1.5 including
a cylinder with two layers of the shielding materials in the synchrocyclotron.

1.4

Relative biological effect

In prescribing therapeutic beams, the biological dose value is defined for a patient which takes
into account the rate of linear energy transfer (LET) of the beam at the point of prescription
[21]. Different LET beams vary in the extent of their biological effects even when the same
physical doses are considered. Therefore, the relative biological effectiveness (RBE) factor
is assigned to any therapeutic beam. The actual physical dose needed to be delivered to the
patient is the prescribed biological dose divided by the RBE factor. For protons RBE of 1.1
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Figure 1.5: 3D view of the Geant4 modeling of a positive-ion synchrocyclotron. Approximately half of the
simulated bare protons leave the cyclotron in the extraction phase, the other half collide with internal components
depositing their energy and generating neutrons as well as other ionizing radiations. A fraction of the fast and
evaporation neutrons are generated during the proton loss in the extraction phase.

is considered: A prescribed dose of 11 Gy corresponds to a physical dose of 10 Gy. Several
radiations, including gamma-rays in the MeV range, have low-LET and therefore an RBE value
of 1 is defined for them. On the other hand, the neutron beam in the MeV range is high-LET
radiation and its RBE is around 20. This means that the biological endpoints resulting from
neutrons with 5% of the absorbed dose to tissue by photons are comparable. The behavior of
neutron quality factors was shown in Figure 1.3 in section 1.2.
Neutrons have been proven to be more severe than X-ray in latent effects when the radiations have the same short-term effects [22]. Therefore, neutrons cause late injury which might
be due to the incapability of cells to repair the induced damage after neutron irradiation. Specifically, the effect of neutrons on DNA has been investigated in micro-dosimetry studies. It has
been shown that the frequency of single-strand breaks (SSBs) and double-strand breaks (DSBs)
in a DNA molecule largely depends on the LET value of the radiation [23]. High-LET radiation
like evaporation neutrons causes a large fraction of DSBs, while X-ray SSBs are dominant. A
common approach to neutron dosimetry makes use of the neutron fluence spectrum. Obtain22

ing the tissue absorbed dose-equivalent from the fluence requires a set of converting factors
introduced by the international committee of radiation protection (ICRP) and the international
committee of radiation units (ICRU).

1.5

ICRP neutron fluence-to-dose-equivalent conversion coefficients

Neutrons are indirectly ionizing radiation. The secondary charged particles generated by neutrons deposit their energy into the matter. Thus a detailed tracking of the various types of
charged particles is needed in a radiation transport code in order to estimate the neutron dose.
A more straightforward way is converting neutron fluence spectra into absorbed neutron doseequivalent spectra using the neutron fluence-to-dose-equivalent conversion coefficient tables
[10]. These tables are published by ICRP or ICRU [15].
The conversion coefficients were first introduced around 60 years ago [24]. Also, doseequivalent quantities were specified using several phantoms such as phantoms with tissueequivalent materials and the ICRU sphere. An ICRU sphere is a 30-cm diameter tissueequivalent sphere that is used as a standard tool for ambient dose-equivalent determination. The
definition of radiation protection quantities has undergone many changes. On the other hand,
the neutron fluence-to-dose conversion coefficient datasets have not changed significantly and
remained adequate for radiation protection purposes [24].
Two types of quantities are generally used in radiation protection. Protection quantities
have been developed and modified by ICRP and operational quantities have been defined by
ICRU. Protection quantities define the amount of absorbed radiation within the human body
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and therefore are not amenable to measurement. Operational quantities have been defined
to overcome this problem. Operational quantities include ambient, directional, and personal
dose-equivalent. In general, dose-equivalent quantities are the operational quantities defined
by ICRU that are measurable quantities and are meant to estimate the protection quantities.
Estimating a dose-equivalent quantity depends on measuring a physical quantity (e.g. air
kerma, or fluence) to characterize the radiation field. After measuring the field quantity, it
should be converted into a dose-equivalent quantity using the conversion coefficients. Conversion coefficients are functions of radiation energy, radiation type, and radiation geometry
[24].
Neutron fluence-to-dose-equivalent conversion coefficients (NCC) are a set of conversion
coefficients used in neutron dosimetry. Several radiation-transport codes have been used to
calculate and verify these factors using various phantoms, various depths, and irradiation geometries. The resultant operational quantity applying NCC to neutron fluence is the H*(10)
quantity, the absorbed dose-equivalent. The central concept to this dissertation is this quantity
and it is defined as the effective dose absorbed to a point with 10 mm depth in the ICRU sphere
on the radius opposing the direction of the irradiation with an aligned and expanded field. The
aligned and expanded field is defined by rotating all the field lines around the center of the
ICRU sphere so that they are in the same direction.
An expanded field is a field that has approximately the same properties in a large enough region, such that H*(10) provides a point quantity. In addition, calculation of the fluence of a field
incident on a scoring sphere (see Appendix C), similar to what I have used in the simulations,
renders the same result of the corresponding aligned, expanded field if the area of the large
circle of the scoring sphere is considered in the fluence calculation. This fact is in alignment
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with the additive property of the fluence quantity regardless of its direction. In order to provide
a more detailed explanation, if all the separate fluence spectra only from all the field lines that
are perpendicular to every possible large circle of the sphere are added, the resulting H*(10)
calculated for the central point of the scoring sphere will be equivalent to the dose-equivalent
at 10 mm ICRU sphere irradiated by the imaginary aligned expanded field. In the rest of this
dissertation, H* has been used to denote the quantity defined above for H*(10).
Many sources have published the NCC. The published data show small uncertainty below 20 MeV. These uncertainties are negligible compared to the uncertainties of the estimated
risk from neutron exposures. However, there are larger uncertainties for higher energy neutrons. There have been changes in the measured values of neutron cross-section data in the
past decades. Such changes in the neutron cross-sections might correspond to the variations in
the different published NCC for high-energy neutrons [24]. The most up-to-date NCC data has
been published in ICRP report No. 74 [15]. Figure 1.6 plots the values of NCC in units of mSv
cm2 (see definition of Sv in section 1.5.1).
ICRP radiation protection quantities include tissue-dose-equivalent HT , defined as the average absorbed dose to tissue T times the radiation weighting factor (HT =

P
R

DT,R wR ) [25].

Table 1.1 lists the values for the radiation weighting factor for different neutron energies from
ICRP 60.
Table 1.1: Radiation weighting factors wR recommended by ICRP 60.

Neutron energy
< 10 keV
10 keV – 100 keV
100 keV – 2 MeV
2 MeV – 20 MeV
> 20 MeV

wR
5
10
20
10
5

The absorbed dose deep in the body organs consists of neutron-induced gammas. As a
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Figure 1.6: ICRP neutron fluence-to-dose-equivalent conversion coefficients (H*/φ) estimating the absorbed neutron dose per unit of incident neutron fluence to a tissue-equivalent medium. The data points are plotted in units
of “mSv per unit fluence” or mSv cm2 .

result, at low neutron energies (<100 keV) these factors might lead to dose overestimation [25].
Effective dose is defined as the weighted sum of tissue-dose-equivalent to the radiosensitive
organs in the body using the tissue weighting factors E=

P

T (wT HT ).

The values of the tissue

weighting factors for several organs are listed in Table 1.2.

Monte Carlo calculations have been used to find NCC up to 10 TeV. Ambient neutron
dose-equivalent or H* is an operational quantity recommended for external irradiation. In the
intermediate neutron energy values, H* underestimates the values presented by the effective
dose. Choosing different values for wR has been suggested by Pelliccioni et al to avoid the dose
underestimation by H* [25]. In this dissertation, neutron fluence is the main physical quantity
that I have studied. Accordingly, calculation of H* using the NCC has been performed instead
of using the radiation weighting factors wR .
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Table 1.2: Tissue weighting factors wT recommended by ICRP 60.

Organ
Gonads
Red bone marrow
Colon
Lung
Stomach
Bladder
Breast
Liver
Esophagus
Thyroid
Adrenals
Brain
Kidney
Muscle
Pancreas
Small intestine
Spleen
Thymus
Uterus
Bone surface
Skin

1.5.1

wT
0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.01
0.01

Difference between dose and dose-equivalent in radiation dosimetry

Radiation dose is defined as the energy absorbed per unit mass. The SI unit is the Gy (Gray)
which is Joules absorbed per kg. Radiation dose from different types of radiation does not
produce the same biological effects. Each tissue has different sensitivities to different radiation
types. ICRP radiation weighting factors for each radiation type convert the radiation dose to
the prescribed dose. The prescribed dose is usually given in the unit of Sv (Sievert).
Both of the units Sievert (Sv) and Gray (Gy) have the same physical dimensions. They both
denote the amount of energy absorbed per unit mass of a material due to radiation. Sv unit is
used for the radiation protection quantities such as H*. For the dosimetric quantities such as
the absorbed dose by a proton field, however, the Gy unit is used.
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1.6

Literature review of neutrons in proton radiation therapy

The main contributors to secondary neutron production in scattering proton-therapy systems
are the scatterers, the energy selection system, the collimation system the accelerator, and the
room materials. The accelerator’s contribution to the absorbed neutron dose-equivalent to the
patient becomes minimal in the designs with the cyclotron positioned in a separate room (e.g.
IBA and Varian systems). In such systems, the accelerator is at a large distance, typically 20 m,
from the treatment room and effective shielding is used. In the scanning Mevion system, a set of
range shifter plates replace the range modulation wheel. These plates operate at approximately
50 cm from the isocenter. The neutron generation from these systems has not been thoroughly
investigated. Chapter 3 of this dissertation focuses on studying the neutrons produced in the
scanning Mevion system. Many authors have studied neutron production in several types of
proton-therapy systems. Specifically, the values for the absorbed neutron dose-equivalent per
treatment Gy to the isocenter or H*/D in units of mSv/Gy is an important quantity in the present
study. In the following paragraphs, I have reviewed the literature on secondary neutron production in proton-therapy systems.
Parodi et al. [26] studied the out-of-field neutron dose in a scanned beam Varian ProBeam
proton-therapy system, using MC simulation. They have used FLUKA MC code for their simulation. Their simulated energy range was 10−9 MeV to 103 MeV. They have found that the
most prominent source of neutrons was the iron in the bending magnet. Also, they have compared two MC codes: FLUKA and GEANT4, and have found acceptable agreement between
the results. They have used data from previous measurements with Bonner spheres placed at
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0◦ , 45◦ , 90◦ and 135◦ angles at 2 m distance from the isocenter, with mono-energetic proton
beams of 11×11 cm2 size, at energies of 200 MeV, 140 MeV, 118 MeV, and 75 MeV delivered
to a cubic water phantom of side length 30 cm. They found a strong dependence of the neutron
field on the items of the treatment room, especially in the energy interval with high biological
effectiveness.

Baradaran et al. [27] have studied the in- and out-of-field neutron spectrum and neutron
dose-equivalent profiles in a Mevion S250 proton-therapy treatment room. They have used
MCNPX code for the simulation of craniospinal irradiation. They have used previous measurement data by Howell et al. [28] for benchmarking their MC code. Their results showed
up to a 75% decrease in the evaporation neutron fluence when the transverse distance from the
isocenter increased from 20 cm to 100 cm. They have used a cubic water phantom with 35-cm
sides. No significant change to the out-of-field neutron fluence was observed by removing the
water phantom. Also, they have considered different aperture openings to calculate the neutron
dose-equivalent profiles in water phantom and air.

Prusator et al. [29] have evaluated the neutron dose-equivalent per proton Gy to the isocenter as a function of distance from the isocenter and the angle from the beam. They have used
TOPAS, which is Geant4-based Monte Carlo software. They have found that neutron doseequivalent per treatment dose to the isocenter (H*/D) decreases with distance from the isocenter
and increases with the angle from the beam. They have simulated the neutron production from
the in-room cyclotron of the Mevion system as an additive neutron source. Their simulation
included a cylindrical iron with a radius of 5.8 cm and a height of 8 cm, bombarded with protons as a source of neutron production during the proton extraction phase. They calculated the
neutron ambient dose-equivalent from the neutron fluence spectra scored at various positions
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multiplied by the ICRP-74 [15] fluence-to-dose conversion coefficients.
Kaderka et al. [30] have studied the neutron yield of various radiotherapy modalities by
measuring the neutron fluence and neutron dose-equivalent in the evaporation energy region
and in the thermal region separately. They irradiated a water phantom with bremsstrahlunggenerated photon fields using electrons accelerated in an 18 MV potential. A photon field size
of 5×5 cm2 was used. Two depths of neutron fluence measurement were chosen on the surface
and at 10 cm. At each depth, a transverse distance of 0, 3 cm, and 28 cm from the target were
chosen for neutron fluence detection. They have observed approximately a constant value for
neutron dose-equivalent as a function of transverse distance. However, the fluence plots on the
water surface are one order of magnitude larger than those at 10 cm depth.
Also, Kaderka et al. [30] have measured the thermal neutron total fluence as a function
of the transverse distance from a target. Different radiation modalities used included photon
field as described above, passive proton field of 130 MeV, scanned proton field of 130 MeV
and scanned carbon-ion field of 250 MeV/u. The results show above an order of magnitude
reduction of thermal neutrons for the scanned fields compared to the passive proton and photon
fields.
Polf et al. [31] have performed MCNPX calculations to estimate the neutron dose-equivalent
per proton Gy absorbed to a lucite phantom at the isocenter of a passive scattering protontherapy system. They have indicated an order of magnitude decrease in the value of H*/D,
from 10 mSv/Gy to 1 mSv/Gy, when the transverse distance from the isocenter is increased to
2m with an SOBP of 15 cm modulation. For an unmodulated proton beam the value of H*/D
changes from 2 mSv/Gy to 0.1 mSv/Gy with the same 2 m distance from the isocenter.
Schneider et al. [32] have studied the secondary neutron dose in a spot scanning proton30

therapy system by Bonner spheres neutron measurements and FLUKA Monte Carlo simulations. They have estimated the neutron dose-equivalent around the treatment area per treatment
proton dose to be around 0.9 to 3.6 mSv/Gy. They compared this value to the neutron dose resulting from treatment photons which is estimated as 0.6 to 1.0 mSv/Gy. In addition, they have
provided data of neutron dose-equivalent as a function of distance from the central axis proton
beam: H*/D has a value of about 9 mSv/Gy at 5cm distance, while it reduces to 0.5 mSv/Gy at
20 cm distance from the central beam. Overall, they suggest an advantage of scanning versus
scattering proton in terms of reduced neutron dose by a factor of 10.

Shin et al. [33] have measured secondary neutron dose-equivalent H* using CR-39 detectors in a passive scattering proton system. A CR-39 detector can detect neutrons in the energy
range of 0.5 MeV to 20 MeV. Detection of the neutrons is based on the enlarged tracks of the
recoil protons generated from the hydrogen nuclei in the detector. The recoil protons form as a
result of the interactions of the hydrogen nuclei with the neutrons. They reported measurements
of H* per treatment proton dose to the isocenter varying in the range of mSv/Gy depending on
the distance from the isocenter and the angle of measurement. Their measurements suggest a
factor of 10 increase in the value of H*/D for the backward angle of 135◦ from the beam axis
in comparison with the forward angle of 0◦ . This is ascribed to a larger amount of neutrons
generated in the nozzle components that increase the detected neutron dose at the large angles
i.e. positions closer to the nozzle. They have reported values of 1.6 and 1.2 mSv/Gy for H*/D
for 10 cm and 50 cm distance from the isocenter along the beam axis, respectively. At perpendicular direction (90◦ angle), values of 1.3 and 1.17 mSv/Gy have been reported for 10 cm and
50 cm transverse distance from the isocenter, respectively.
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1.7

Neutron measurement

Measurement of neutrons is based on thermal neutron capture reactions that have large crosssections. The employed isotopes are: 6 Li,

10

B, and 3 He [34]. Thermal neutrons have wave-

lengths of the order of atomic size and for this neutron energy range, the cross-section values
for 6 Li, 10 B, and 3 He are 940 barns, 3840 barns, and 5330 barns. A barn is a unit of area used
in describing the cross-sections of nuclear reactions. One barn is equal to 10−28 m2 , or 100 fm2
(1 fm= 10−15 m). Interaction of a thermal neutron with one of these isotopes leads to charged
daughter products that can be detected by standard detectors. The reactions are:

n +6 Li →4 He +3 H + 4.79MeV

n +10 B →7 Li +4 He + 0.48MeV(γ) + 2.3MeV
n +10 B →7 Li +4 He + 2.8MeV

(1.10)

(93%)

(1.11a)

(7%)

(1.11b)

n +3 He →3 H +1 H + 0.764MeV

(1.12)

In the first reaction, which is the base of the neutron detection process in a Bonner sphere
with Europium-doped Lithium Iodide 6 LiI(Eu) scintillator at its center, a thermal neutron is
captured by a 6 Li nucleus making 6 Li that breaks up. The break-up products are an alpha
particle (4 He) and tritium (3 H) with a total of 4.79 MeV kinetic energy of the products.
The last reaction is the base of the neutron detection process in a WENDI-2 chamber with
32

a filled 3 He gas container at its center. A neutron is captured by a 3 He nucleus. The products
are tritium and a proton with a total of 0.764 MeV kinetic energy shared between the products.
The positive Q-value for all the reactions listed above is the essential feature of these reactions which makes them the foremost reactions for thermal neutron detection. A positive
Q-value reaction is exothermic, which is a reaction with a net release of energy. In an exothermic reaction, the kinetic energy of the final state is greater than the kinetic energy of the initial
state. In a positive Q-value reaction, the sum of the binding energies increases after the reaction and the final-state products have a smaller total rest mass. The amount of the mass that has
been removed in the reaction has turned into the energy of the products according to the known
mass-energy equation.

1.7.1

Bonner sphere neutron fluence measurement

Neutron fluence has been measured using an extended-range Bonner sphere (ERBS) system in
several studies including the work of Howell et al. at the scattering proton facility installed
in Washington University in St. Louis [28]. The central part of a Bonner sphere contains a
scintillator. Scintillators can capture thermal neutrons and produce electrical signals. 6 LiI(Eu)
is the scintillator crystal that is used in the ERBS. Thermal neutron capture events by 6 Li inside
the 6 LiI(Eu) crystal leads to the production of alpha and tritium according to the equation (1.10).
These charged products with a total of 4.79 MeV kinetic energy ionize the atoms in turn which
ultimately leads to the production of photons due to the filling of the vacant atomic orbitals.
The scintillator is optically coupled to a light pipe which is coupled to a 1” diameter photomultiplier tube (PMT) [35]. The PMT consists of a photocathode that absorbs the incoming
photons. Absorption of the photon by PMT generates a photoelectron. A large number of
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electrons are generated in a multiplication process in the PMT. The electrons generate a pulse
that has a specific height and width. The height of the pulse corresponds to the energy of the
absorbed photon in the first place. The multi-channel analyzer method is used to count the
pulses produced in the PMT [35].
The 6 LiI(Eu) scintillator generates more photons by neutron captures than by gamma-ray
absorptions. Therefore the gamma-ray and neutron pulse responses are separable. Based on the
properties of the pulse shape and magnitude, it is possible to distinguish if a gamma-ray or a
neutron has been absorbed by the scintillator. The process is called pulse-shape discrimination.
Reaction products from thermal neutron capture by 6 LiI(Eu) crystal generate approximately the
same quantity of light as that from a total absorption of 3 MeV of electrons [36].
The light yield of 6 LiI(Eu) has a broad bandwidth [36]. Its highest energy photon has a
wavelength of 470 nm. Smaller crystal dimensions are preferred for a higher resolution of thermal neutron detection with 6 LiI(Eu). The gamma-ray photons interacting within a small crystal
produce recoil electrons with ranges larger than the crystal. Thus, a small crystal minimizes the
absorption of photons that are generated by the secondary electrons inside the crystal. ERBS
uses a cylinder shape 6 LiI(Eu) scintillator of size 4 mm height and 4 mm diameter [37].
An ERBS is surrounded by polyethylene spherical shells. Polyethylene effectively thermalizes neutrons due to its abundant hydrogen content. In addition, high-Z spherical shells
are placed within the polyethylene shells to increase the response to neutrons above 20 MeV
energy. The full ERBS system consists of 6 standard Bonner spheres and 12 extended spheres.
The extended spheres include small and large assemblies. The small assembly consists
of a 3” diameter polyethylene core. Copper, tungsten, and lead are used in the high-Z shell
with 1” thickness. High-Z shells are used as neutron multipliers due to their large (n,xn) cross34

Figure 1.7: Schematic of a Bonner sphere with a high-Z shell (blue), with neutron multi-scatter effect, inside
the polyethylene (yellow) surrounding the scintillator thermal neutron detector (red). Trajectories of the incident
high-energy neutron and its secondary neutrons generated inside the high-Z shell are drawn.

section, where x is the number of output neutrons. These inelastically scattered neutrons further
thermalize in a polyethylene core [35].
The high-Z shell that covers the polyethylene core enhances the ERBS response toward
the 20 MeV to 100 MeV neutron energy range. Fast neutrons down-scatter in the high-Z shell
and then they thermalize with a few further elastic scattering events in the polyethylene sphere.
Thermal neutrons are then captured by the 6 LiI(Eu) detector at the core.
To push the ERBS detector response to even higher energies, toward the GeV neutron energy region, a larger polyethylene core, with about 5” diameter, is used. In addition, a second
polyethylene shell is added outside the high-Z shell in order to increase the number of elastic
scatter events. The 18 spheres of the full ERBS system have different response functions to neutrons. ERBS works based on a mathematical de-convolution technique described in Appendix
B of this dissertation. It is essential to design each sphere with a specific neutron response function. Specific response functions are obtained by choosing different sizes of the polyethylene
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cores, down-scatter high-Z shells and moderator polyethylene shell [35].

1.7.2

WENDI-2 chamber neutron dose measurement

WENDI-2 (wide energy neutron detection instrument) chamber is an extended-range remcounter, used as a device for neutron radiation measurement [38], [39]. It uses 3 He (or BF3 )
as the filling gas in a central reservoir. In the 3 He-filled detector, the nuclei of the gas atoms
interact with the incident neutrons generating tritons and protons according to equation (1.12).
In the BF3 -filled detector,
7

10

B nuclei in the gas interact with the incident neutrons producing

Li and alpha particles according to equations (1.11a) and (1.11b). In either case, the energetic

tritons and protons for 3 He-filled detector, or alpha particles, in BF3 -filled detector, ionize the
atomic electrons. The electrons are gathered at a positive voltage anode. Multiplication processes are implemented to generate current pulses. Low-rate energy deposition by neutrons is
required for optimal functioning to avoid pulse pile-up [40].
Neutron fields are mixed with gamma radiation. A neutron-gamma discrimination process
is employed in a WENDI-2 chamber to reject the pulses from gamma-rays. The gamma-ray
pulses have a lower amplitude and that makes the accept/reject process possible [40]. The
positive Q-value of 0.764 MeV in the nuclear reaction, see equation (1.12), allows for this
process in a mixed neutron-gamma field.
WENDI-2 chamber has a low detection efficiency for fast neutrons. To compensate for this,
hydrogen-containing moderating materials are used to cover the gas tube. Fast neutrons lose
energy in the moderator and reach the gas as thermal neutrons. The moderating medium shape
and composition is cylindrical polyethylene. The moderator degrades the neutron energies by
up to 10 MeV.
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To increase the detector response to higher energy neutrons, a second moderator shell is
placed inside the polyethylene moderator. Figure 1.8(a) shows the schematic of the structure of
the WENDI-2 detector. The shell contains tungsten powder with a density of 10.71 g/cm3 . The
effect of this shell is to slow down the fast neutrons with energies above 10 MeV [40]. Neutron
slow-down in tungsten happens by the production of lower energy neutrons through (n,xn)
neutron multiplication reactions, where x is the number of output neutrons. The proportional
counter tube that contains the helium gas works at 1200 V. The gas is at a pressure of 2 bar
and is surrounded by 0.5 mm steel. Some specifications of the WENDI-2 chamber device are
shown in Table 1.3.

Figure 1.8: (left:) Schematic view of a WENDI-2 chamber detector showing its components including the helium
counter tube, the tungsten inner shell, and the polyethylene outer shell. (right:) WENDI-2 chamber (Image
courtesy: F. Pozzi 2016 [40])

The response function of the detector approximates the ICRP neutron fluence-to-dose conversion coefficients. Measurement of neutrons with the WENDI-2 chamber results in estimated
values for H*. In the energy range of a few eV to 0.1 MeV (intermediate energy neutrons), the
response function is larger than the ICRP fluence-to-dose coefficients as shown in Figure 1.9.
37

Table 1.3: WENDI-2 chamber specifications.

Quantities
Diameter
Height
Weight
Energy range
Measuring range
Neutron sensitivity
Gamma sensitivity

Values (ranges)
22.9 cm
21.0 cm
13.5 kg
0.025 eV to 5 GeV (thermal to relativistic)
0.01 µSv/h to 100 µSv/h
0.84 µSv/h
5 µSv/h

Hence WENDI-2 chamber is expected to overestimate the measured H* values.

Figure 1.9: Comparison of ICRP neutron fluence-to-dose-equivalent conversion coefficients (blue) and the
WENDI-2 chamber response function (red) in energy range from thermal to 250 MeV. (WENDI-2 response data
extracted from reference [40])
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Chapter 2: Neutrons in the scattering
S250 Mevion proton-therapy system

2.1

Introduction

In this Chapter, I study the neutron production in a single-room Mevion S250 passive scattering proton-therapy system that has been in operation at Washington University in St. Louis
since 2013 and was decommissioned in 2020. I have used the Geant4 Monte Carlo toolkit to
calculate neutron fluence spectra from various nozzle components. Each fluence spectrum has
been discussed based on the cross-sections of the materials contributing to secondary neutron
production.

2.2

Materials and methods

Preparing the simulation required multiple parameters to be defined and tuned to the actual
value. These parameters involved the geometrical dimensions of the room, synchrocyclotron,
and nozzle components. The nozzle includes a first scatterer, a range modulation wheel, the
main range shifter, a second scatterer, a beam collimation system, a brass aperture, and a range
compensator. A water phantom was used to model the patient’s body.
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In the following sub-sections, I discuss the Geant4 toolkit, the geometry and physics models
that I have implemented, and the TTree class in ROOT analysis software that has been used to
track individual neutrons. The TTree technique obtained contributions from each nozzle and
room component to the total neutron fluence incident to the water phantom.

2.2.1

Geometry

Modeling a geometry in Geant4 is based on the dimensions, compositions, and densities of the
objects in the environment of radiation transport. In modeling both S250 passive scattering
and scanning S250i Mevion proton-therapy systems, four parts were needed to be considered:
Room, synchrocyclotron, the beam-delivery system, and a water phantom. Each of these parts
contributed to the total neutron production based on several physical processes. The neutrons
from the room mostly depended on previously generated fast and evaporation neutrons in the
nozzle, while the nozzle-generated fast neutrons were mainly due to the impinging protons on
its components. Moreover, the proton loss’s contribution in the synchrocyclotron’s extraction
stage to secondary neutrons has been calculated.

Room, synchrocyclotron and nozzle design
Figures 2.1 (a,b,c) show the geometry of the room that contains the proton-therapy system in
perspective, side, and top views, respectively. As indicated, the treatment area is within the
main vault where the synchrocyclotron is mounted and rotates on its gantry. The whole vault
was modeled as with a 13.5×15 m2 floor and with 15 m height. The top view in Figure 2.1 (b)
shows the maze that connects the treatment area to the control room where the beam is set and
monitored.
Figure 2.2 demonstrates the components of the nozzle in detail. The first scatterer is posi40

Figure 2.1: a) 3D view, b) top view, and c) side view of the treatment room geometry design in the Geant4 model
of Mevion S250 scattering proton system (Courtesy to Dr. A. Darafsheh).

tioned immediately after the beam extraction point from the synchrocyclotron. The first scatterer is made of lead and its main purpose is to scatter the proton pencil beam laterally. Next,
the beam passes through the range modulator wheel, made of lead, Lexan, and graphite, and
the main range shifter, made of carbon. Beam energy is modulated to the required value in
this step. The second scatterer contains lead and Lexan and an outer ring made of brass. It
shapes the scattered beam into a laterally uniform beam. Then the beam passes through the
collimators made of stainless-steel and brass aperture where its transverse shape is modified
to the dimensions of the target tumor. Finally, the beam is energetically tuned by the lucite
range compensator to avoid depositing energy beyond the tumor volume. The water phantom,
as indicated in Figure 2.2, models the human body.

Range modulation wheel (RMW)

The scattering proton machine described here uses a primary mono-energetic proton beam of
250 MeV and spreads it laterally. In order to get an even dose throughout a specific depth,
the peak of the protons is spread by the steps of an RMW that have different thicknesses for
changing the energy of the passing proton beam to certain values. This technique modifies
the depth of the corresponding Bragg peak in the target volume. Fast rotation of the RMW
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Figure 2.2: Nozzle components in a Geant4 model of Mevion S250 scattering proton system.

superposes the modulated proton beams with different energies. As a result, a spread-out Bragg
peak (SOBP) is created inside the water phantom. SOBP is a uniform proton dose curve. I
discuss SOBP in the following sections.
Specific ranges and modulations of the SOBP are required for different treatment settings.
The range is defined as the distal 90% depth of the dose curve. Modulation is defined as the
proximal 95% to distal 90% distance. Several RMWs are available in an S250 passive scattering
Mevion system. Each treatment option uses a specific RMW. 24 options are provided by the
passive scattering system. These treatment options are categorized into 3 classes: large, deep,
and small. The analysis in this dissertation corresponds to option 5 of the scattering Mevion
machine. This option is specified for the head and neck treatments [27], [41]. Table 2.1 lists the
geometric parameters and materials in each step of the RMW used for the present simulation.

Beam collimating devices
The Proton beam becomes laterally broadened after passing through the second scatterer. The
unwanted part of the beam is trimmed by the collimation system which is made of highly
attenuating materials such as stainless-steel and brass. Materials with high density and high
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Table 2.1: RMW geometry and material parameters

Step number/ material
Step 1
Lead
Step 2
Lead
Step 3
Lead
Lexan
Step 4
Lead
Lexan
Graphite
Step 5
Lead
Lexan
Graphite
Step 6
Lead
Lexan
Graphite
Step 7
Lead
Lexan
Graphite
Step 8
Lead
Lexan
Graphite
Step 9
Lead
Lexan
Graphite
Step 10
Lead
Lexan
Graphite
Step 11
Brass
Step 12
Graphite
Step 13
Lead
Lexan
Graphite
Step 14
Lexan
Graphite

Thickness (cm)

Pristine depth in water (cm)
16.3

0.39
15.5
0.55
14.6
0.44
1.28
13.8
0.43
1.08
0.55
12.8
0.44
1.02
1.04
12.0
0.28
1.08
1.96
10.8
0.42
1.02
2.22
9.8
1.02
0.32
1.33
8.6
0.42
1.02
3.38
7.5
0.37
1.11
3.94
Stopper
8.0
5.9
6.47
4.5
0.37
1.11
5.53
2.9
1.95
6.9
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atomic numbers are preferred because of their large stopping power. Materials with larger electron densities have higher stopping power and such materials are desirable to stop the protons.
However, neutron production processes must be taken into account. Interactions of high-energy
protons with high-Z targets make them sources of secondary neutron and gamma radiation [10].
I have modeled the collimation system as a shielding cylinder made of stainless-steel with 3
cm thickness, 9.75 cm inner radius, and 36 cm height. A similar structure with a thickness of 2
cm, 15 cm inner radius, and 52.5 cm height models the collimator. The collimator is also made
of stainless-steel. In addition to the outer cylinder, the collimator contains two inner rings at its
entrance and exit sides. Each ring has an inner radius of 12.5 cm with the same material as the
outer collimator. A brass aperture with a thickness of 6.84 cm is placed next to the collimator.
A square opening exists at the center of the brass aperture. The side of the square opening
varies based on the desired percentage of proton blocking.

Range compensator
The surface of a tumor often has irregularities. That makes it hardly possible for a laterally
uniform beam to spare the healthy surrounding tissue. Fine-tuning of the output beam energy
is done by a patient-specific lucite compensator. It has different thicknesses at different positions. The changing thickness of the compensator varies the penetration depths of the beam at
different locations. As a result, the tumor surface irregularities are accounted for and exposure
of the healthy tissue to the beam is minimized.

2.2.2

Geant4 Monte Carlo simulation toolkit

Geant4 (GEometry ANd Tracking) has been developed by CERN as a general-purpose Monte
Carlo (MC) simulation software for particle transport through matter. Two fundamental aspects
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of Geant4 are handling the geometrical shapes and tracking various particles through objects
made of different materials. Detailed radiation transport calculations are performed by the
toolkit for that purpose. The building blocks of Geant4 simulations are G4Step objects from
which information can be stored into G4VHit objects. These objects consist of individual
interaction information. Time, position vector, incident kinetic energy, momentum, energy
deposit, particle, and medium information, and track and event IDs, are some data types that
could be stored in a G4VHit object [10].
Particle transport MC simulations depend on cross-section data. In Geant4, evaluated nuclear data files (ENDF) for cross-section data sets are utilized for various particles such as
protons, neutrons, and photons. For energies above 150 MeV up to a few GeV, binary intranuclear cascade models are incorporated. Therefore, many nuclear reactions in proton-therapy,
with primary protons of around 250 MeV, result from model calculations, and upon energy
attenuation of the particles, the experimental cross-section data become available [10].
Particle transport is a frequently encountered problem in various branches of physics such
as medical physics, high-energy physics, and space physics. It mainly involves a 3D simulation
of the interactions of particles irradiated onto or within materials with specific geometries. For
the current dissertation, the geometry is defined by modeling the spatial properties of the nozzle
as well as the materials of its components with specified densities. The primary particle source
describes the protons that are extracted from the synchrocyclotron. Also for lost protons within
the synchrocyclotron in the extraction stage, a particle source is set in the simulations. In
addition, the beam energy uncertainty and spot position uncertainty parameters are selected
according to benchmarking with experimental data.
The main random variables of interest in the presented problems in this dissertation are the
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number and energies of neutrons incident on a predefined surface. The final result is a mean
value of several stochastic outcomes for these random variables. An analytical solution could
be rather hard to calculate. MC technique generates solutions for stochastic processes similar
to the problem presented here. The final solution is an averaged result of simulating large
numbers of stochastic instances of the same problem. In Geant4, such an instance is termed
as a G4Event object. A G4Event corresponds to the whole transport simulation triggered by
a single primary particle. The final result approaches the true value by averaging over a large
number of instances.
Increasing the number of instances reduces the error by the inverse square root of the instances. Specifically, in a Gean4 simulation, 100 times larger number of primary particles
results in a solution with 10 times less uncertainty. The quality of an MC simulation is defined
by the relative error of its result. An appropriate threshold for the present study of neutron
fluence spectra in this dissertation is a maximum statistical uncertainty of 10%, given the available time and computational resources. As stated previously, I have been mainly concerned
with neutron fluence spectra in this study. A measure of uncertainty in my data sets can be
estimated by the amount of fluctuation of the counted neutrons in each energy bin.

Geant4 general properties
Geant4 implements an object-oriented coding structure designed in the C++ language. It simulates particle transport based on the Monte Carlo technique which allows possible particle
interactions with different cross-sections to compete against each other. The interactions are
categorized into two types: individual discrete collisions, or condensation of steps when they
occur highly frequently such as multiple Coulomb scattering. The step condensation is done to
prevent the high computational costs. For example, in simulating an electron trajectory through
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matter, a step cutoff parameter determines the shortest length by which the electron can travel.
In this case, an average cross-section is set to estimate the amount of energy loss and momentum change. The default cutoff for any particle in Geant4 is 0.7 mm. Depending on the specific
problem, the user could change the cutoff for different particles and in different regions of the
geometry [42].
In Geant4, geometry should be constructed within a world volume. A geometry tree is generated with different branches and sub-branches which demonstrate the volumes belonging to
the world volume. Also, there could be sub-volumes that belong to their mother volume. Volumes can be added or subtracted by boolean operations. Geant4 provides simple geometrical
shapes such as box, cylinder, sphere, and tube.

Geant4 physics models
Implementation of different particle interaction models depends on the requirements of the
problem simulated by the user. Particles of interest and the desired accuracy or cutoff values
are adjusted within the “PhysicsList.cc” module. Different physics models could be utilized
based on the energy ranges in a problem. Many physics models can be found for a specific
particle interaction, such as several electromagnetic models that could overlap in some energy
ranges [42].
Standard electromagnetic interactions include the discrete bremsstrahlung and continuous
multiple Coulomb scattering and ionization processes that model the electron interactions inside the materials. Positrons are treated the same way as electrons, except they involve discrete
annihilation reactions additionally. Photoelectric, Compton, and pair-production effects correspond to the main interactions of photons with matter. For protons and other heavy-charged particles, multiple Coulomb scattering and ionizing processes are performed continuously. Delta47

ray emissions are also considered in the ionization processes and are treated in a continuous
manner [42].

In contrast with the electromagnetic models, hadronic interactions are rather complex. Different libraries should be selected for the hadronic reactions depending on the energy range.
In simulations of neutrons down to thermal energies, high-precision models are selected, such
as BERT HP or BIC HP. Geant4 utilizes Bertini cascade (BERT) and Binary cascade (BIC)
models as two intra-nuclear cascade models for particle energies down to 100 MeV. These
models work based on the propagation of particles through different models of nuclei. BERT
model structures the nucleus as three concentric shells with constant densities. The projectile
passes through the nuclear medium along a straight line sampled over the nuclear area interacting at steps determined based on the mean free paths obtained from the hadron-nucleon
total cross-sections. Cascade collisions occur and secondaries form. These secondary particles
might reflect back into the nucleus or transmit through at the boundaries of the shells. The
process results in the expansion of the residual nucleus into an excited state of particle-hole
pairs. Routines exist in the model that de-excite the residual nucleus. Highly excited nuclei
can undergo break-ups. Given enough excitation energy, neutron and alpha evaporation could
happen. At low energies, gamma emission occurs [43]. A drawback of this model is the lack of
a Coulomb barrier for protons. As a result, the model produces incorrect proton energy spectra.
BIC model is based on a 3D distribution of individual nucleons [42]. The intra-nuclear cascade
models are based on the projectile’s wavelength being smaller than the nucleon distance within
the nucleus.

Calculations of low-energy neutron trajectories require high-precision models. Such models implement experimental cross-section data that are utilized at energies from a few MeV
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down to thermal. The data sets enable the simulations of inelastic scattering, elastic scattering,
and radiative capture of the neutrons within the MC environment. In case of the absence of a
part of cross-section data for an element or for an energy range, parameterized models are used
instead of high-precision models. QGSP BERT HP and QGSP BIC HP are two examples of
the high-precision Geant4 available reference physics libraries [42].

2.2.3

ROOT

ROOT is a free, open-source data analysis software produced by CERN and written in C++. It
is suitable for the visualization and analysis of large amounts of data. A highly useful feature
of ROOT is the TTree class. A TTree object can store data with efficient memory usage and
fast searching capability. Multiple data types can be stored using several branches in a TTree
object.
An advantage of the TTree class is the capability of easy sorting through the data. CPU
time can be reduced by choosing the branches that are required. “Making several branches is
particularly interesting in the data analysis phase when it is desirable to have a high reading
rate and not all columns are equally interesting” [44].
In the Geant4 simulation of the present work, a TTree data file is generated and branches
are assigned to it. The data types stored on each branch are specified. The data file created by
Geant4 is analyzed using a separate ROOT macro file.
As stated previously, a G4Step object corresponds to a collision of a primary or a secondary
particle with a target atom or nuclei. It could also correspond to the passage of a projectile
through a medium boundary. For each G4Step object, a G4Vhit object is created. G4VHit
object contains several data components to describe a collision or a passage through a medium
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boundary. In the current work, I mainly use the projectile’s name, energy, position vector at the
collision point, and integers that describe the track ID of the particles.

The user can choose the data components of interest to store in a G4VHit object. Information in each G4VHit object is stored in the TTree object, as long as the hit happens within the
specified sensitive volume. Each data component in the G4VHit object is placed on one TTree
branch object. The number of data components of interest in a G4VHit object determines the
number of branches required in the TTree object. Each collision is stored in the TTree object
with its track ID number. Storing the track ID makes tracking of the particles possible. In the
medium where the particles have been generated, their initial energy and position can be found.
Tracking of individual neutrons allows distinguishing the contributions of the neutron spectra
incident on the water phantom from the different nozzle and room components. This method
has been implemented in a simulation of a scintillator in the ”MENATE R” code [45] that has
been adopted by several neutron groups.

ROOT tree data files generated from my simulations usually take 1 to 10 GB. The data files
consist of the order of 106 to 109 hits that happen within the specified sensitive volumes in the
simulation. The desired data is collected by sorting through the data points. Neutron kinetic
energies at the point of entrance into the water phantom are required to find the fluence of
neutrons incident onto the water phantom from each nozzle or room component. The neutron
energies fill different histograms based on the volume that has produced the neutron initially.
A histogram is assigned to each nozzle component. Various neutron fluence diagrams are
presented in section 2.3.2.
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2.3

Results and discussion

In this section, I present the results of my simulations. Initially, I present the results of benchmarking of my code with the measured data for proton PDDs and neutron spectra. Calculation
of the weights needed for a spread-out Bragg peak (SOBP) is described, and the obtained SOBP
is plotted and compared with previous measurements [28].
The rest of my results are mainly focused on the neutron fluence spectra calculated by
Geant4. Some properties of the spectra are described based on the neutron cross-section data
obtained from ENDF datasets [46]. Relevant cross-section tables are provided.

2.3.1

Discussion on lethargy

In this subsection, I define the concept of lethargy in neutron dosimetry. This concept becomes
helpful in understanding the units of the fluence spectrum diagrams in the following parts of
the dissertation. Several diagrams in the next sections as well as in many neutron dosimetry
publications have been presented per unit lethargy. It is common to express the fluence differentiated in energy φE , or differentiated in angle φΩ , or differentiated in both φE,Ω . Differentiation
of any histogram by the variable over which the histogram is distributed makes the histogram
independent of the width of the bins, e.g. energy or angle bins. Otherwise, the height of the
histogram bars for the raw fluence data would depend on the width of the bins.
In a logarithmic energy scale differentiating the fluence in lethargy is a natural choice.
Lethargy is defined by the following: a step increase in the lethargy δu is equal to the decrease
in the natural logarithm of neutron energy [47]:
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du = −d(lnE)

(2.1)

Defining φu (u) as the neutron fluence differentiated in lethargy, the fluence in the interval du is
given by φu (u)du , and it must be equal to the fluence per unit energy φE (E) in the interval dE :

φu (u)du = −φE (E)dE

(2.2)

The negative sign comes from the reverse relationship between lethargy and neutron energy.
Increasing lethargy corresponds to a decrease in energy. By combining equations (2.1) and
(2.2) we find:

φu (u) = EφE (E)

(2.3)

In a ROOT TTree analysis, I obtain the raw fluence spectra such as the neutron fluence per
incident proton (see Appendix C for a detailed discussion on the ROOT TTree fluence data
analysis). According to equation (2.3), to obtain the fluence per unit lethargy, the raw fluence
must be differentiated in energy and multiplied by the corresponding bin’s energy. For example,
a raw fluence spectrum φ(E), plotted in a logarithmic energy scale with energy bins separated
by δ intervals in the exponent [10 x MeV, 10 x+δ MeV], is differentiated in energy according to:

φE (E) =

φ(E)
φ(E)
φ(E)
=
=
δE
ln(10) · 10 x [MeV] · δ ln(10) · E · δ

(2.4)

Finally, it is transformed into a fluence per lethargy unit according to:

φu (u) = EφE (E) =
52

φ(E)
ln(10) · δ

(2.5)

In summary, “fluence per unit lethargy” can be obtained by dividing a raw fluence histogram
with a constant (ln(10) · δ) where δ is the interval that separate the energy bins in the exponent
of 10 i.e. in [10 x MeV, 10 x+δ MeV] .

2.3.2

Benchmarking

An important part of any Monte Carlo simulation is benchmarking the model based on experimental results in order to make reliable calculations. In general, benchmarking consists of a
set of standard tests performed on a model. These tests are expected to be relevant, repeatable,
scalable and representative [48]. In the following subsections, a series of benchmarks against
the available commissioning proton data are performed. Also, the results of benchmarking with
measured neutron fluence are provided.

Pristine percentage depth dose (PDD) of protons in water
Protons form a well-defined dose deposition peak as they travel through matter, and that is
explained by the increase of their stopping power as they lose energy while ionizing or exciting
the atoms of the medium, as well as by their large mass compared to electrons. As the first step
to ground the simulations on the measurement data, the experimentally measured proton PDD
[16] for the passive scattering system Mevion S250 is used. Depth dose profile data has been
measured using a parallel-plate chamber (PPC05, IBA Dosimetry) in a three-dimensional (3D)
scanning tank (Blue phantom, IBA Dosimetry America, Bartlett, TN) [27].
The simulation PDD is obtained by emitting a primary proton beam with 250 MeV energy,
2 MeV energy uncertainty, and 1 mm spot size uncertainty. The denoted uncertainties are fullwidth half-maximum in the corresponding normal distributions of the quantities. The minimal
energy degradation is achieved by the first step of the range modulation wheel which leads
53

to a proton PDD with a Bragg peak at 16.2 cm in option 5 of the scattering Mevion system
simulation. The normalized PDDs of both simulation and measurements are plotted in Figure
2.3. Matching profile depths indicate a relatively acceptable benchmarking for the amount of
energy degradation of the primary proton beam through the nozzle. The simulated entrance
dose shows up to a 7% deviation from the experimental data. For the regions deeper than 8 cm
both dose profiles conform within 3% deviation.

Figure 2.3: Matching the Geant4-calculated pristine percentage depth dose to the experimental data. Both PDDs
correspond to the first step of the range modulation wheel. The benchmarked parameters include the thickness of
the range shifter (affecting the range in water), the energy width of the primary proton beam (affecting the range
straggling), and the spot size of the initial beam (affecting the entrance dose height).

Proton spread-out Bragg peak (SOBP)
Each range modulation step delivers a specific proton beam energy to the isocenter with a corresponding pristine peak depth. Rotation of the range modulation wheel leads to a simultaneous
superposition of the proton beams with various energies, and depending on the design of the
angular extent of each step that corresponds to their weights, leads to a spread-out Bragg peak
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or SOBP.
The main characteristics of an SOBP are range and modulation. The range is defined as the
distance from the surface of the water phantom to the distal 90% proton dose. Modulation is
defined as the distance from the proximal 95% dose to the distal 90% [28]. Specifically, for
the treatment setup of the whole brain the range of 17 cm and modulation of 16 cm has been
used in the work of Howell et al. [28]. The same SOBP has been simulated in this work for
benchmarking of the neutron calculations.
Simulation of an SOBP requires a linear combination of several pristine peaks with different
ranges. Each pristine peak is obtained by positioning a step of the range modulation wheel in
the primary proton beam path. To find the correct linear combination, the final SOBP with 17
cm range and 16 cm modulation needs to be decomposed into the available pristine peaks. For
such a decomposition, I used the first 15 pristine peaks delivered by the 15 corresponding steps
of the range modulation wheel as my base functions. The singular value decomposition (SVD)
method, provided in the ROOT data analysis framework, was implemented for the analysis.
Figures 2.4 shows the normalized pristine peaks used for constructing the SOBP. Figure 2.5
shows and the weighted pristine peaks and their superposition SOBP with a range of 17 cm.
Table 2.2 contains the weights corresponding to the SOBP decomposition for option 5 of
the passive scattering proton-therapy machine described in this Chapter, as used for a wholebrain treatment. The range of the SOBP for this option could be shortened up to 1.8 cm using
a final absorber made of Lexan that is placed in front of the second scatterer. The thicknesses
and materials of the steps of the range modulation wheel used in the present analysis have been
provided in Table 2.1. The SOBP decomposition weights were used to simulate the neutron
spectrum by superposition of different neutron spectra corresponding to each step of the range
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Figure 2.4: Normalized proton pristine peaks corresponding to 15 steps of RMW.

Figure 2.5: Constructing the SOBP from the 14 pristine Bragg peaks using the singular value decomposition
method.

modulation wheel.
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Table 2.2: Weighting factors of the 14 steps of the range modulation wheel for constructing an SOBP with a range
of 17 cm and a modulation of 16 cm.

RMW step
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Weight factor
0.291
0.144
0.057
0.078
0.049
0.056
0.034
0.056
0.032
0.045
0.025
0.033
0.040
0.060

Proton transverse dose profile in air
Transverse profiles in the air have been measured by Zhao et al. [16] using a diode edge
detector (Sun Nuclear Corporation, Melbourne, FL) [27]. Three sets of measurement data at
distances -20 cm, 0, and 20 cm from the isocenter for the same nozzle configuration were
available for the transverse profile benchmarking. The main purpose of this benchmarking was
to ensure a uniform transverse beam spread. In Figure 2.6, the blue transverse dose profile is
the Geant4 simulation result. The simulation profile (blue curve) agrees with the measurement
profile (red curve) within 2.5% uncertainty at the edges and within less than 1% uncertainty
along with the inner parts of the curves. Some fluctuations with larger deviation than the rest
of the measurement profile are observed in the middle of the red curve.
To obtain the agreement between the two plots, the parameters that define the shape of
the second scatterer were modified. The second scatterer consists of bell-shaped, concave
Lexan, and thin, convex lead components. Contracting or widening these parts determine the
uniformity of the transverse proton dose profile. A uniform transverse dose deposition is highly
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important to avoid the exposure of the healthy tissues to irradiation.

Figure 2.6: Transverse matching of the simulated proton dose profile with the measurement data (Zhao et al. 2016
[16]).

Study of the treatment dose to the isocenter as a critical step toward benchmarking
The common approach to report the neutron dose-equivalent in the proton-therapy literature
consists of normalizing the H* value by the treatment dose at the isocenter (D). In this subsection, I have performed a study of the treatment dose quantity D in order to obtain the values
of H*/D in the following sections of this Chapter. H*/D can be compared to other studies and
therefore provides an appropriate measure for benchmarking. Of particular interest were the
values of the treatment dose to the water phantom at the isocenter per primary proton, i.e. D/pr.
Accordingly, the neutron fluence histograms per primary proton were obtained that resulted in
H*/pr values. Dividing the latter by the former quantity resulted in the H*/D values.
The dose is defined as energy per unit mass, and as a point quantity, it has a specific value at
each geometric point. For two different beam configurations with the same number of primary
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protons and equal proton energies delivered to the isocenter, e.g. a passive scattered beam and
a pencil-beam, the ratio between the two doses at the isocenter does not tell us about the ratio
of the total energy deposited to water. The scattered beam is laterally spread which produces
a dilute distribution of deposited energy in the water phantom. A scanning beam, on the other
hand, could be set to deliver the beam of protons focused in an area several times smaller
than the scattering system. Given equal output proton energy and primary proton number, and
given no proton loss in the nozzle, the approximately equal total energy is absorbed to the
water phantom, however, the pencil-beam dose would be several times larger at the isocenter
compared to the dose from the scattered beam to the isocenter.
Dose to the isocenter in a passive system per primary proton is in the range of 5.5×10−13
Gy/pr to 6.5×10−13 Gy/pr. This value remains roughly stable regardless of the field size and
delivered proton energy, except for low proton energies that stop at the surface causing a larger
dose. Therefore, expressing a physical quantity (such as neutron dose-equivalent) per unit
proton dose to the isocenter would provide a reliable understanding of how the quantity depends
on the parameters that define the radiation field (e.g. size and energy), independent of the total
number of primary protons irradiated.
Table 2.3 lists the values of the average proton beam energy after passing the 1 st , 7th , and
14th steps of the range modulation wheel. The average beam energy values after the snout exit
are also listed. The percentage of proton output from the range modulation wheel and from
the nozzle for each step of the range modulation wheel and for different field sizes are listed as
well.
Table 2.4 lists the values of dose per primary proton to the water phantom surface and to
5 cm depth of the water phantom positioned at the isocenter. The values are listed in units of
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Table 2.3: Simulated average proton beam energy after the range modulation step and after the snout exit, and
the percentage of proton output from the range modulation wheel and the nozzle for different steps of the range
modulation wheel and for different filed sizes.

RMW step
1
1
1
1
7
7
7
14
14
14

Field size
(cm2 )
5×5
10×10
15×15
18.6×18.6
5×5
10×10
15×15
5×5
10×10
15×15

RMW output
energy (MeV)
227
227
227
227
202
202
202
165
165
165

Nozzle output
energy (MeV)
156
156
156
156
123
123
123
63
63
63

RMW proton
output %
98.7
98.7
98.7
98.7
96.3
96.3
96.4
91.4
91.5
91.5

Nozzle proton
output %
3.7
14.9
32.9
47.3
2.8
11.4
25.9
2.2
8.7
19.4

Gy/pr for the 1 st , 7th , and 14th steps of the range modulation wheel and for different filed sizes.

Table 2.4: Simulated dose per primary proton to the water phantom surface and to 5 cm depth of the water phantom
for different steps of the range modulation wheel and for different filed sizes.

RMW step
1
1
1
1
7
7
7
14
14
14

Field size
(cm2 )
5×5
10×10
15×15
18.6×18.6
5×5
10×10
15×15
5×5
10×10
15×15

D pr (Gy/pr)
at the isocenter
6.5×10−13
6.5×10−13
6.4×10−13
6.3×10−13
5.3×10−13
5.5×10−13
5.5×10−13
6.5×10−13
6.5×10−13
6.5×10−13

D pr (Gy/pr)
in 5 cm depth
7.0×10−13
7.0×10−13
6.8×10−13
7×10−13
6.5×10−13
6.6×10−13
6.5×10−13
0
0
0

The data in Table 2.4 has been used to calculate the absorbed neutron dose-equivalent per
unit of treatment proton Gy to the isocenter: Neutron absorbed dose-equivalent per primary
proton (H*/pr) divided by treatment dose per primary proton (D/pr) at the isocenter.
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Benchmarking of the neutron fluence spectrum per unit treatment Gy (φ(E)/D) and doseequivalent spectrum per unit treatment Gy (H*(E)/D) at 50 cm transverse distance from
the isocenter

The next step of benchmarking is to ensure that the neutrons simulated by the code are consistent with the measurements. In a study by Howell et al [28] extended-range Bonner spheres
have been experimentally employed and the generated data unfolded to obtain the neutron fluence spectra at 50 cm transverse to the isocenter in a scattering Mevion proton-therapy system.
Measurements at closer distances have not been performed due to the pulse pile-up effects.
Pulse pile-up happens in a pulse analyzer when two or more pulses are close enough in a sequence that they cannot be distinguished and, as a consequence are counted as one. They
have estimated the neutron absorbed dose-equivalent at closer distances to the isocenter by performing extrapolations [28]. Several neutron spectra for different treatment settings have been
obtained in their work.
The general trend of the neutron spectra for all the treatment setups is similar with three
peaks, one each in the thermal, evaporation, and fast neutron energy regions. The spectra for
the whole brain and upper spine treatment setups have been obtained in the results of Howell et
al. [28]. For the measurements, a water phantom of size 35×35×35 cm3 has been placed at the
isocenter. The upper spine setup has resulted in a fluence with as twice evaporation neutrons as
the whole brain set up, whereas the fast neutron fluence of the upper spine setup has been 40%
larger than the whole brain.
I have implemented a similar geometry of the whole brain treatment setup in a Geant4
simulation. A beam angle of 90◦ has been used. A 90◦ beam corresponds to protons emitted
in the horizontal plane while a 0◦ beam corresponds to a nozzle that irradiates the protons in
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a direction from the ceiling toward the floor. Proton beam was set to an initial energy of 250
MeV with an uncertainty of 2 MeV full-width half-maximum. The proton beam spot size was
1 mm in diameter. The mentioned values for the uncertainties in the beam parameters have
been determined through benchmarking of the model by the transverse and depth dose proton
profiles.
In addition, simulations corresponding to different energy outputs from different steps of
the range modulation wheel have been performed. The results of these simulations showed
that the small perturbations in the energy uncertainty parameter, in order of a few MeV, had
insignificant effects on the neutron fluence. Energy uncertainty of the primary proton beam
was important in the shape of proton PDD but not significant in determining the shape and the
order of magnitude of the neutron fluence, and hence the neutron dose-equivalent.
Neutron fluence simulations were performed for the first 14 steps of the range modulation
wheel. It has been made known to us by Mevion that 50% of the protons are lost in the synchrocyclotron during the extraction process. The neutron fluence was obtained separately for
the proton loss events. This fluence was added to the other neutron fluence contributions from
each RMW step. I modeled the extraction stage by 250 MeV protons that are generated inside
a cylinder that models the synchrocyclotron. These protons were randomly emitted from that
interior point inside the cylinder toward the cylinder’s wall. The random angles of the proton
momenta covered a cone with a 90◦ opening angle.
The neutron fluence spectra, corresponding to each range modulation step, were weighted
and summed according to the SOBP weights listed in Table 2.2. Figure 2.7 indicates the absolute values of the neutron fluence spectra per unit treatment Gy to the isocenter per unit
lethargy. For this plot, the unit lethargy is 0.1×ln(10)=0.23. Integration of the plotted curves in
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Figure 2.7 results in the total fluence per proton Gy. This value measured by the Bonner sphere
technique was reported 1.52×107 n cm−2 Gy−1 [28]. The corresponding Geant4-simulated total
neutron fluence in the present work was 1.45×107 n cm−2 Gy−1 . The relative difference between
the two values is 4.6%.

Figure 2.7: Benchmarking of the neutron fluence per treatment proton Gy to the isocenter per unit lethargy. The
red curve shows the result of an ERBS measurement by Howell et al. The blue curve shows the Geant4 simulation
result of the present work.

Benchmarking of the Geant4 code with the ERBS measurement of H*/D spectrum from
reference [28] was performed. The two H*/D spectra matched well in the evaporation neutron energy region, while the fast neutron contribution calculated by Geant4 was larger than
the ERBS measurement. This discrepancy could be related to the uncertainties in data point
extraction from the diagrams of the ICRP conversion coefficients in the fast neutron energy
region. The absolute values of the two diagrams show reasonable agreement.
The total neutron ambient dose-equivalent H*/D was obtained by integrating the H*/D
spectra over the energy bins. The value of the total H*/D for the whole brain craniospinal
treatment setting has been reported 3.94 mSv/Gy in reference [28]. Geant4 calculations pro63

vided a value of 3.93 mSv/Gy for the total neutron dose-equivalent that would be absorbed
to a tissue-equivalent material at a 50 cm transverse distance from the isocenter. The relative
difference between the two values is 0.25%.

Figure 2.8: Benchmarking of the neutron dose-equivalent per treatment proton Gy to the isocenter per unit
lethargy. The red curve shows the result of an ERBS measurement by Howell et al. The blue curve shows
the Geant4 simulation result of the present work.

Benchmarking and reproducibility analysis of the Geant4 total H*/D results with the
SWENDI-2 measurements and TOPAS simulations from reference [29]
In this subsection, I have provided a comparison between different H*/D data to assess the reproducibility of this quantity as well as to perform a second benchmarking of the Geant4 code
of the present study with the model developed in TOPAS [29]. A setup similar to the present
study for neutron dose measurements has been reported in a study by Prusator et al [29]. As
discussed in Appendix D, the uncertainty in the H*/D values reported in the proton-therapy
references is generally large by more than an order of magnitude:
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The magnitude of reported neutron doses is inconsistent, with reports demonstrating as
much as three orders of magnitude difference between measured and calculated values
across several institutions delivering scattered proton therapy with various beam-line designs and accelerators [49].
This statement can be verified by comparing the SWENDI-2 measurements of reference [29]
in Table 2.5 with both the TOPAS results, from the same study, and the Geant4 results, from
the present work. The Geant4 data points corresponding to Figure 2.22 have been provided
in Table 2.5. For each data point, the percentage relative difference between the Geant4 and
TOPAS simulations has been provided.
Table 2.5: Comparison of the SWENDI-2 measurments from reference [29] and Geant4 simulations of the large
nozzle configuration in the present study for H*/D values at various transverse distances from the isocenter.

Transverse
distance
(cm)
20
40
60
80
100
150

Large configurations (range (cm), modulation (cm), field size (cm2 ))
SWENDI-2
TOPAS
Geant4 (24, pristine,
Geant4 (24, pristine,
(25, 20, 20×20) (25, 20, 20×20) 20×20), [∆T OPAS %] 10×10), [∆Geant4(20×20) %]
H*/D (mSv/Gy)
0.50
8.14
7.78 [4.4%]
11.60 [49.1%]
0.44
5.45
4.65 [14.8%]
7.64 [64.3%]
0.39
3.54
3.08 [13%]
5.27 [71.1%]
0.36
2.86
2.59 [9.5%]
3.21 [23.9%]
0.35
2.19
2.23 [1.8%]
4.10 [83.8%]
0.32
1.51
1.32 [12.6%]
1.84 [39.3%]

The TOPAS simulated data (first blue column) for the scattering proton-therapy Mevion
system with the large-beam configuration, an SOBP range of 25 cm and modulation of 20 cm,
and field size of 20×20 cm2 consists of a similar irradiated volume compared to the setup of
the Geant4 simulation data (second blue column) provided in Table 2.5 with a pristine peak of
24 cm range and 20×20 cm2 field size. It has been studied that the largest neutron contribution
results from the first step of the RMW, and thus comparison of an SOBP with a pristine peak
has been considered a legitimate approach to benchmarking [49].
The effect of Measurements with the SWENDI-2 chamber estimate the total H*/D values
from the neutron field. The highlighted boxes in Table 2.5 contain the relevant values at the
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same transverse distances used for the SWENDI-2 measurements and the Geant4 calculated
H*/D values. An order of magnitude difference exists between the measurement points and the
simulated data points, while the Geant4 code has been benchmarked with the TOPAS results
within an uncertainty of the order of 10%.
In addition, the amount of influence of reduction in the brass aperture opening on H*/D was
calculated. It was observed (see the last column) that using a 10×10 brass aperture opening
instead of 20×20, the absorbed neutron dose increased with the relative difference between the
two simulations within the order of 24% to 84%.

2.3.3

Analysis of the neutron sources using fluence (φ(E)/D) and doseequivalent (H*/D) received at the water phantom from various items

The following simulation results involve characterizing the source of the neutrons incident onto
the water phantom that models the patient’s body by a simplified model, a cube of water with
size 35×35×35 cm3 . Decomposing neutron fluence spectrum into several items’ contributions
in the Geant4 simulations was made possible by the TTree class in the ROOT software. The
ROOT classes have been implemented in Geant4 by default. I have used the TTree objects to
record the hits of individual primary and secondary particles within different materials in the
simulated room and nozzle.
Data sets usually took 1 GB to 10 GB of memory. I analyzed the TTree datasets by separate ROOT codes. Neutron fluence data impinging on the patient were categorized based on
the components that generate the neutrons initially. From each fluence diagram and its associated total neutron dose-equivalent, I have concluded the strength of the effect of the secondary
radiation from the corresponding component to the patient.
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In the following subsections, neutron fluence spectra from various components have been
presented and described. I attempt to analyze and discuss each fluence plot based on the crosssection data. Cross-section tables are provided in each subsection. The cross-section tables are
chosen based on the energy of the particles that are expected to interact with the materials in
the components. The provided data correspond to the first step of the range modulation wheel
after which the proton beam has an energy of 227 MeV. The field size has been shaped by a
brass aperture square opening of 10×10 cm2 .
Table 2.6 describes the mass of each nozzle and room component. A comparison of the
contributions of each component to the neutron fluence per unit of its mass has been provided
at the end of this section.
Table 2.6: Mass of the nozzle and room components.

Component
Synchrocyclotron
First scatterer
Range modulation wheel
Main range shifter
Second scatterer
Beam shield
Collimator
Brass aperture
Compensator
Ceiling
Floor
Water phantom

Mass (kg)
18250
0.09
5.16
2.8
9.34
59.29
108.58
29.57
0.63
41942
55922
42.87

Synchrocyclotron
The materials implemented in the simulations to model the synchrocyclotron consist of boratedpolyethylene and stainless-steel for the inner and the outer layers of the synchrocyclotron, with
radii of 74 to 80 cm and 80 to 90 cm respectively. The entire cylinder model of 4 m hight is
positioned horizontally behind the nozzle, with the entire nozzle-cyclotron system capable of
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rotating around the isocenter. Table 2.7 summarizes the geometrical properties of the synchrocyclotron.
Table 2.7: Synchrocyclotron geometry and materials [27].

Part /Geometrical property
Inner cylindrical layer
Outer cylindrical layer
Cylinder height
Distance from the isocenter

Material
Borated-polyethylene
Stainless-steel
(n /a)
(n /a)

Dimensions
74 cm to 80 cm radii
80 cm to 90 cm radii
4m
3m

To account for the proton extraction step inside the synchrocyclotron, a cone region with 90◦
opening was considered in the interior part of the cylinder modeling the synchrocyclotron with
250 MeV primary protons to hit its inner. According to Figure 2.9 (a), the neutrons produced in
the cyclotron contain a thermal to evaporation peak ratio close to 1. The borated-polyethylene
layer has a large thermalizing effect on the neutrons. The fast neutrons produced inside the
inner layer can inelastically interact with the iron in the outer layer leading to the evaporation
of neutrons. The trajectory of a neutron produced inside the cyclotron and incident onto the
water phantom could be complicated, several elastic and inelastic interactions could happen
with the walls and the nozzle components. The relatively large continuum of the neutrons
between the evaporation and thermal regions could be explained based on the multiple objects
that a neutron might interact with along its trajectory.
In Table 2.15, toward the end of this section, the ratio of thermal, intermediate, evaporation,
and fast neutron fluence incident onto the water phantom from the synchrocyclotron due to both
lost protons in the extraction phase and delivered protons through the nozzle have been listed.

First scatterer (FS)
The first object that the primary protons hit is the FS that is made of lead. Fast neutrons are
produced due to the direct interactions of protons with the lead nuclei. These neutrons from the
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(a) Neutrons from the primary protons lost inside the synchrocyclotron

(b) Neutrons from the primary protons sent through nozzle

Figure 2.9: Neutron fluence per unit treatment Gy incident onto the water phantom from neutrons generated in the
synchrocyclotron made of stainless-steel and borated-polyethylene.

FS move in a forward-peaked momentum distribution toward the water phantom, where they
are detected.
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Figure 2.10: Neutron fluence incident onto the water phantom from neutrons generated in the FS made of lead.

Range modulation wheel (RMW)

After passing through the first scatterer, high-energy protons interact with the different steps
of the RMW. The first step is 0.39 cm lead. Figure 2.11 (a) shows the corresponding neutron
fluence incident onto the water phantom. The resulting neutron spectrum observed at the water
phantom position is similar to the neutron spectrum generated in the first scatterer which is lead
as well.
Using step 7 of the RMW increased the fast neutron peak by a factor of 5, as can be seen in
Figure 2.11 (b). The evaporation and thermal peaks remained in the same order. The increase
could be explained by the additional layer of Lexan with 1.02 cm thickness and graphite with
2.22 cm thickness. Charge exchange can happen frequently in light, symmetric nuclei due to
direct reactions with the protons. This type of reaction in carbon

12

C(p,n)12 N could generate

fast neutrons.
Figure 2.11 (c) shows the neutron fluence spectrum detected at the water phantom generated
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(a) RMW step 1

(b) RMW step 7

by the 14th step of the RMW. This step contains 1.95 cm thick Lexan and 6.9 cm thick graphite.
The fast neutron peak increased by a factor of 1.5 compared to the results with the 7th step of
the RMW.
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(c) RMW step 14

Figure 2.11: Neutron fluence incident onto the water phantom from neutrons generated in the 1 st , 7th , and 14th
steps of the RMW

Main range shifter (MRS)
MRS was modeled as a disk with 4 cm thickness made with carbon [27]. A trend for the neutron
fluence similar to that of the RMW steps 7 and 14 was observed here, as shown in Figure 2.12.
The protons passing through the RMW interacted with carbon in the MRS and generated fast
neutrons. The magnitude of the fast neutron component was similar to that generated in the
RMW step 14 with a 6.9 cm thickness of carbon. The percentage contribution of different
energy regions to the total fluence incident on the water phantom from neutrons generated in
the MRS is provided in Table 2.15.

Second scatterer (SS)
The SS is modeled by an outer brass ring and an inner part made of Lexan and lead. The proton
beam does not mainly interact with the brass ring of the SS. Its Lexan components have a total
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Figure 2.12: Neutron fluence incident onto the water phantom from neutrons generated in the MRS made of
carbon.

mass of 0.52 kg. The lead has a mass of 0.06 kg. The large fast neutron peak in comparison
to the evaporation peak could be associated with the carbon elements in the Lexan. Similar
to the RMW and MRS, charge exchange (p,n) and knock-out (p,np) due to inelastic proton
interactions could be the main processes for fast neutron production. The fluence to the water
phantom is indicated in Figure 2.14. The percentage contribution of different energy regions to
the total fluence incident on the water phantom from neutrons generated in the SS is provided
in Table 2.15.

Collimation system

The collimation system consists of a beam shielding cylinder and a collimator tube both made
of stainless-steel, a mixture of 74% iron, 18% chromium, and 8% nickel atoms as described
in the NIST material database of Geant4 [50]. Table 2.8 describes the geometry of the beam
shield and the collimator tubes.
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Figure 2.13: Neutron fluence incident onto the water phantom from neutrons generated in the second scatterer
made of lead, lexan and brass.
Table 2.8: Geometry of the collimation system

Component

Material

Shield
Collimator
Front ring
Back ring

Steel
Steel
Steel
Steel

Inner
radius (cm)
9.75
15.0
12.5
12.5

Outer
radius (cm)
12.68
17.0
15.0
15.0

Length (cm)
35.9
52.5
7.0
7.0

Center distance
from the isocenter (cm)
126.7
82.5
105.25
59.75

The main interactions in these components are initiated by the primary protons that have
been degraded down to the energy region of 160 MeV – 120 MeV depending on the step used
in the energy modulation wheel. Protons are tangential to the inner edges of these tubes due to
the transverse scattering that is done by the first and the second scatterers. The fast neutrons are
generated within the collimation system, as indicated in Figure 2.14. The total cross-section
data of nonelastic proton reactions including (p,n), (p,2n), and, in general, (p,nx) reactions are
provided in Table 2.10 for protons in the energy range of 120 MeV to 160 MeV, for the target
elements in stainless-steel described in Table 2.9.
Fast neutrons mainly correspond to the charge exchange (p,n) and knock-out (p,np) reac74

(a) Beam shield neutrons

(b) Collimator neutrons

Figure 2.14: Neutron fluence incident onto the water phantom from neutrons generated in the collimation process.

tions. These reactions are included in the (p,nx) described in Table 2.10. The average of the
cross-section for (p,nx), x representing any by-product nucleon or fragment aside from the secondary neutron, with a stainless-steel target is 0.7 barn. For
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12

C target, the cross-section of

Table 2.9: Stainless-steel composition [50].

Material (atomic percentage)
Iron (74%)

Chromium (18%)

Nickel (8%)

Isotope (natural abundance)
56 Fe (91.75%)
54 Fe (5.84%)
57 Fe (2.12%)
52 Cr (83.79%)
53 Cr (9.50%)
54 Cr (2.36%)
58 Ni (68.08%)
60 Ni (26.22%)
62 Ni (3.63%)

Table 2.10: Total nonelastic (p,nx) neutron production cross-section per unit barn [46].

Nuclei
56 Fe
52 Cr
58 Ni

σ (incident proton energy) (barn)
σ(120 MeV) σ(140 MeV) σ(160 MeV)
0.72
0.69
0.66
0.70
0.67
0.64
0.73
0.71
0.68

(p,nx) is of the order 0.3 barn. Given this value for 12 C cross-section of (p,nx), I have observed
large values for fast neutron peaks in the previous sections for the RMW and MRS that contain
carbon. The beam shield causes approximately 1/10 of fast neutrons incident to the water phantom compared to the MRS, although the cross-section of fast neutron production in the beam
shield is more than twice larger than that of the MRS. This could be explained by a reduced
number of protons that interact with the beam shield, in addition to the peripheral position of
the shield with respect to the proton beam, as compared to the central position of the MRS in
the beam path. The latter fact leads the fast neutrons from the MRS to have a larger overlap
with the surface of the water phantom.
The evaporation peak is due to neutrons that are emitted from excited nuclei. Fast neutron
production processes, including (p,n) reactions, could form compound nuclei. A compound
nucleus is “an unstable nucleus formed by the coalescence of an atomic nucleus with a captured
particle” [51]. Such excited systems will undergo subsequent neutron evaporation, with an
exception of the clustered systems such as

12

C or
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16

O. Clustered systems usually break up in

smaller clusters such as the break-up of a compound 12 C into three alphas.
In addition to proton reactions, compound systems could be formed by neutron nonelastic reactions that can lead to further neutron evaporation. Neutrons are thermalized due to
elastic reactions with light targets. Hydrogen provides a high thermalizing ratio per interaction. Thermal neutrons are captured by nuclei. Neutron capture excites the nuclei and causes
gamma radiation. Due to radiative capture, neutron fields are mixed with gamma. According
to the measurements performed with a WENDI-2 chamber, I have observed that the absorbed
dose-equivalent from gamma is less than 3% of that from neutrons.

Brass aperture (BA)
The neutron spectrum incident on the water phantom (WP) from those neutrons that have been
initially generated in the BA shows a low thermal to evaporation peak ratio. The integral
of the neutron fluence incident onto the WP from the BA is significantly larger than the other
components. This is due to the small distance between the BA and the WP. The forward-peaked
fast neutrons have a large probability to hit the WP surface because of the short distance.
Also, the low thermal to evaporation peak ratio in the spectrum shown in Figure 2.15 could
be explained by the small amount of material between the BA to WP which reduces the probability for the evaporation neutrons to undergo elastic reactions with light nuclei and thermalize.
Brass is made of 67.4% copper atoms, 32.1% zinc atoms, and less than 0.5% mixture of
iron, lead, and tin atoms. Table 2.11 provides the total nonelastic (p,nx) cross-sections for
the brass components interacting with 120 MeV and 160 MeV protons. The primary proton
incident on the brass aperture is mostly in this energy range. These protons have been degraded
in energy by the first scatterer, range modulation wheel, and the second scatterer.
Fast neutron production rate in brass per high-energy protons in the range of 120 to 160
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Table 2.11: Nonelastic (p,nx) cross-section per unit barn [46].

Nuclei
63 Cu
64 Zn

σ (incident proton energy) (barn)
σ(120 MeV)
σ(160 MeV)
0.8
0.73
0.8
0.74

MeV impinging on the brass aperture is expected to be in the same order of magnitude to that
in 12 C which was discussed in the subsection on the RMW. The elements in the brass aperture
and the graphite in the RMW have a σ of about 0.4 and 0.7 barn for nonelastic (p,nx) reactions,
respectively.

Figure 2.15: Neutron fluence incident onto the water phantom from neutrons generated in the brass aperture.

The nonelastic (n,nx) cross-section values for various neutron energies in the MeV range,
provided in Table 2.12, could be used to explain the evaporation neutrons produced in the brass
aperture. Values of the cross-sections for (n,nx) reactions in brass between incident neutron
energies of 1 MeV to 10 MeV are comparable in magnitude to the cross-section of (p,n) reactions in

12

C with σ=0.7 barn. It was observed that (p,n) reaction in

12

C leads to a large fast

neutron fluence incident on the water phantom. With a similar analogy, we might conclude a
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large probability for the evaporation process based on the σ values for (n,nx) process in brass.
That could explain the large evaporation peak observed in Figure 2.15.
Table 2.12: Nonelastic (n,nx) cross-sections per unit barn [46].

Nuclei
63 Cu
64 Zn

σ (incident proton energy) (barn)
σ(0.7 MeV) σ(1.6 MeV) σ(10 MeV)
0.073
0.92
1.69
0.022
0.81
1.63

Ceiling and floor
The ceiling and floor were simulated by 15 cm and 20 cm thick concrete respectively, with 150
cm vertical distance from the isocenter each. The table below provides the element composition
of concrete provided by the NIST material database by atomic fraction [52].
Table 2.13: Concrete atomic composition by weight.

Element
1H
6C
8O
11 Na
12 Mg
13 Al
14 Si
19 K
20 Ca
26 Fe

Atom fraction
0.305330
0.002880
0.500407
0.009212
0.000725
0.010298
0.151042
0.003578
0.014924
0.001605

About half of the atoms in concrete are oxygen. The most probable reactions that could
happen on the floor would be from incident neutrons with various energies, lower than the
maximum primary proton energy. Neutrons that reach the floor have interacted several times
elastically or inelastically and have attenuated in energy. Based on this fact, the absence of the
fast neutron peak in figures 2.16 (a) and (b) could be explained.
Table 2.14 provides the cross-section values of the elastic (n,n) reactions that result in neutron attenuation in 1 H, and scattering in

16

O, and
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28

Si. These are the main ingredients of

concrete. The Table represents the data for several neutron energies: thermal (10−5 MeV),
intermediate (10−2 MeV), evaporation (1 MeV), and fast (10 MeV).
Table 2.14: Elastic (n,n) cross-section per unit barn [46].

Elements inconcrete

σ (neutron energy) (barn)
MeV) σ(10−2 MeV) σ(1 MeV)
3.79
3.76
2.6 - 7
1.96
1.85
1.7 - 9
20.48
19.14
4.25

σ(10−5
16 O
28 Si
1H

σ(10 MeV)
0.6 - 0.7
0.71 - 0.86
0.93

According to Table 2.14, neutrons with energies below 1 MeV have a large cross-section
of interaction with hydrogen nuclei. Hydrogen forms 30% of the total nuclei in concrete. The
attenuation ratio of neutron energy by elastic interactions with hydrogen per collision is 0.5,
on average. The thermal neutron peaks, as shown in Figure 2.16, were close to the evaporation peak in magnitude. Also, a relatively large continuum of neutrons between thermal and
evaporation energies was produced by the simulations.

(a) Ceiling neutrons
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(b) Floor neutrons

Figure 2.16: Neutron fluence incident onto the water phantom from neutrons generated in the treatment room.

Internal neutrons

The calculated fluence for the internal neutrons in the water phantom has been done by recording the energy of each neutron once produced inside the water phantom. Similar to the fluence
diagrams from other components, the resulting internal neutron histogram has been divided by
the average cross-sectional area of the water phantom.
According to Figure 2.17, no neutrons were generated in the thermal region. This is due to
the fact that the neutrons are recorded at the initial step of their products before being thermalized. Also, the magnitude of the fast and evaporation neutrons are close, with the fast neutron
peak being slightly larger.
Table 2.15 below provides a summary of all the previous subsections. It includes the total
neutron fluence received to the water phantom from the items in the nozzle and the room. In
addition, it provides the percentage ratios of the contributions of thermal, intermediate, evapo81

Figure 2.17: Internal neutron fluence from neutrons generated in the water phantom.

ration, and fast neutrons to the total fluence.

Comparison of neutron fluence and neutron fluence per unit mass of the nozzle items
Figure 2.18 shows the neutron fluence spectra per unit treatment Gy to the isocenter per unit
lethargy for all the nozzle components. According to Figure 2.18, I can observe that the largest
contribution to the external fluence received at the water phantom comes from the brass aperture. Neutron fluence from other items in the nozzle is about an order of magnitude less than
the brass aperture’s contribution. The abbreviations in the key in Figures 2.18 and 2.19 read as:
FS= first scatterer, RMW= range modulation wheel, MRS= main range shifter, SS= second
scatterer, SHLD= beam shield, CLMT= beam collimator, BRSAP= brass aperture, CMPNS=
Lucite compensator.
Figure 2.19 shows the neutron fluence spectra per unit treatment Gy to the isocenter per
unit lethargy for all the nozzle components per their unit mass. According to Figure 2.19, the
largest contribution to the external fluence received at the water phantom per unit mass of the
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Table 2.15: Percentage of thermal, intermediate, evaporation and fast energy region contributions to neutron fluence per treatment Gy to the isocenter due to the neutrons generated in the collimation system. The abbreviations
read as: sCyc= synchrocyclotron, FS= first scatterer, RMW= range modulation wheel, MRS= main range shifter,
SS= second scatterer

Item
S-Cyc extract
S-Cyc deliver
FS
RMW: 1
RMW: 7
RMW: 14
MRS
SS
Beam shield
Collimator
Brass aptr
Compensator
Ceiling
Floor
Internal (WP)

φ/D
Gy−1 )
1.81×106
0.64×106
0.86×106
0.59×106
0.99×106
0.96×106
0.71×106
1.17×106
0.34×106
1.20×106
9.17×106
0.25×106
0.29×106
0.37×106
12.41×106

(cm−2

Thermal (%)

Intermediate (%)

Evaporation (%)

Fast (%)

25.0
23.7
23.9
23.9
18.3
9.7
5.5
14.1
15.9
8.1
3.0
0.6
24.6
25.2
0.2

24.0
23.7
19.8
20.4
15.9
7.4
5.1
13.5
14.2
8.8
6.6
1.5
21.0
21.8
0.3

44.5
52.6
43.0
42.2
34.6
19.2
17.9
35.8
48.7
58.2
64.1
29.8
52.4
51.6
51.4

6.5
0.0
13.3
13.6
31.2
63.7
71.5
36.5
21.2
25.0
26.3
68.1
1.9
1.3
48.1

Figure 2.18: Neutron fluence spectra incident onto the water phantom from neutrons generated in the nozzle’s
items. The contribution from the brass aperture dominates.

items comes from the first scatterer and the first step of the range modulation wheel. This fact
is due to the lead component in these items that contributes largely to fast neutron production.
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Neutron fluence per unit mass from other items in the nozzle is about an order of magnitude
less than the brass aperture contribution.

Figure 2.19: Neutron fluence spectra incident onto the water phantom from neutrons generated in the nozzle’s
items per unit mass of the corresponding item. The first scatterer and the range modulation wheel dominate.

2.3.4

Neutron dose-equivalent per treatment Gy to the isocenter H*/D
contributions from components

Figures 2.20 and 2.21 provide the ratios and absolute values of neutron dose-equivalent per
treatment Gy to the isocenter from each component of the machine, and from the floor and
ceiling of the treatment room. The absolute values of H*/D are indicated in each figure in units
of mSv/Gy. The pie charts contain integrals of the ICRP coefficient modulated neutron fluence
spectra per treatment Gy from various components. The neutron fluence spectra were discussed
in section 2.3.2 The simulations included 107 primary protons with 250 MeV initial energy.
Figure 2.20 contains three pie charts that correspond to a fixed field size of 10×10 cm2 .
Three steps of the range modulation wheel (RMW) were used to obtain the pie charts. Fig84

ure 2.20 (a), (b), and (c) correspond to RMW steps 1, 7, and 14 with generated proton beam
energies of 227 MeV, 202 MeV, and 165 MeV, respectively.
About 60% of the neutron absorbed dose was generated inside the patient when the 1 st
step of the RMW, corresponding to 16.4 cm pristine peak depth in water, was used. This ratio
decreased to 50% for 7th step of the RMW, corresponding to 10.7 cm pristine peak depth in
water. It further decreased to about 25% for 14th step of the RMW, corresponding to 2.9 cm
pristine peak depth in water.
It was observed that the neutron dose-equivalent absorbed in the water phantom from the
neutrons generated in the brass aperture decreased by degrading the RMW energy output. For
RMW step 1 the brass aperture contributed 2.7 mSv/Gy, for RMW step 7 it contributed 1.4
mSv/Gy, and for RMW step 14 it contributed 0.28 mSv/Gy. With a brass aperture opening of
10 cm side length, the RMW output beam energy was lowered from 227 MeV to 165 MeV.
Correspondingly, the absorbed neutron dose-equivalent to the water phantom decreased by
about a factor of 10.
The same decreasing trend was observed for most of the nozzle components except the
RMW. Shifting up the step of the RMW increased the amount of material in the proton beam
path in order to reduce its energy. This increases the chance of nonelastic collisions with nuclei
and hence faster neutrons were generated. The contribution from the ceiling and floor was
approximately stable within 10% uncertainty, similar to the uncertainty in the neutron fluence
simulations. The pie charts in Figure 2.20 and Figure 2.21 take into account the effects of
protons that pass through the nozzle but the neutron dose-equivalent contributions due to the
lost protons in the extraction phase have not been considered. The variation of the neutron
dose from the synchrocyclotron is also within 10%. Making a clear conclusion of how the
85

energy degradation affects the neutron dose to the water phantom from the synchrocyclotron
would require simulations with larger proton statistics. It could be assumed that the step of the
RMW used for the simulation would not affect the neutron dose-equivalent contribution from
the synchrocyclotron-lost protons, because the neutrons due to such protons are generated far
from the RMW and would not be affected by its rotation angle.
The abbreviations in the pie chart keys read as: CYC= synchrocyclotron, FS= first scatterer,
RMW= range modulation wheel, MRS= main range shifter, SS= second scatterer, SHLD=
shield, CLMT= collimator, BRSAP= brass aperture, CLNG= ceiling, CMPNS= compensator,
FLR= floor, WP= water phantom.

Figure 2.20: Pie charts of neutron absorbed dose-equivalent to the water phantom per treatment Gy to the isocenter
for a field size of 10×10 cm2 . Angles in the pie charts correspond to the ratio of neutron dose-equivalent contribution from nozzle or room components. The stated absolute values are in units of mSv/Gy. From left to right
the pie charts correspond to a) the 1 st range modulation step with 227 MeV proton beam energy output, b) the 7th
range modulation step with a 202 MeV proton beam energy output, and c) the 14th range modulation step with a
165 MeV proton beam energy output.

Figure 2.21 contains three pie charts that provide similar information about the neutron absorbed dose-equivalent per treatment Gy to the water phantom, but with a fixed RMW position
and thus proton beam energy (RMW step 1). To obtain the dataset in Figure 2.21, the field size
was increased from left to right. Figure 2.21 (a), (b), and (c) correspond to the brass aperture
openings of 5×5 cm2 , 10×10 cm2 and 15×15 cm2 , respectively.
The ratio of the internal neutron contributions (neutrons generated in the water phantom)
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increased with the field size opening. The ratios took the values of about 25%, 60% and 75%
for the field sizes of 5×5 cm2 , 10×10 cm2 and 15×15 cm2 , respectively. This behavior was
expected: more protons incident onto the water phantom caused more internal neutron productions. The absolute internal neutron dose-equivalent values were 1.4 mSv/Gy, 5.1 mSv/Gy, and
11.0 mSv/Gy. The corresponding ratios of increase in the field size areas were 4.0 and 2.25
respectively, i.e. ratio of the area of 10×10 cm2 to 5×5 cm2 , and the area of 15×15 cm2 to
10×10 cm2 , respectively. The ratio of increase in the neutron doses and areas were different up
to 9.5% (5.1/1.4=3.64 versus 100/25=4.0; and 11.0/5.1=2.16 versus 225/100=2.25). This fact
implies a linear correspondence between the field size and internal neutrons dose in the passive
scattering Mevion system. This would be a reasonable fact if a uniform proton field distribution
across the water phantom area is generated.

On the other hand, the absorbed neutron dose to the water phantom from the brass aperture
decreased by values of 3.5 mSv/Gy, to 2.7 mSv/Gy, to 1.7 mSv/Gy, with increasing the aperture
opening according to the three steps mentioned above. The total area covered by a closed brass
aperture in the beam path is about 530 cm2 . For the brass openings of 5×5 cm2 , 10×10 cm2
and 15×15 cm2 , the remaining closed area that is exposed to primary protons in the beam are
505 cm2 , 430 cm2 , and 305 cm2 , respectively. Similar to the above analysis, the ratios of the
neutron doses corresponded to the ratios of the closed areas by the brass aperture up to 11%
difference (0.86/0.68=1.16 versus 505/430=1.17; and 0.68/0.43=1.58 versus 430/305=1.41).

As a general trend, the absorbed neutron dose from the other nozzle components increased
by increasing the aperture opening. This behavior was expected because a larger open area
allowed the fast and evaporation neutrons to pass from inside the collimator onto the water
phantom without being further scattered by the brass. However, for the synchrocyclotron,
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Figure 2.21: Pie charts of neutron absorbed dose-equivalent to the water phantom per treatment Gy to the isocenter
for the 1 st range modulation step with a 227 MeV proton beam energy output. Angles in the pie charts correspond
to the ratio of neutron dose-equivalent contribution from nozzle or room components. The stated absolute values
are in units of mSv/Gy. From left to right the pie charts correspond to a) 5×5 cm2 , b) 10×10 cm2 , and c) 15×15
cm2 field size.

which was simulated out of the nozzle, a stable behavior of the absorbed neutron dose to the
water phantom was observed regardless of the brass aperture opening size.

2.3.5

Neutron profiles inside the treatment room with and without the
water phantom

For this section, the profiles of the neutron dose-equivalent per treatment Gy have been plotted
and the general trends of the neutron dose behaviors at various positions inside the treatment
room have been obtained. The simulations for calculating the profiles in Figures 2.22 and 2.23
were done with a water phantom with dimensions 35×35×35 cm3 place at the isocenter. The
first RMW step was used and the brass aperture opening was set to 20×20 cm2 .

Neutron dose profile perpendicular to the beam direction
Figure 2.22 (a) plots the profiles for the absorbed neutron dose-equivalent per treatment Gy to
the isocenter for different heights measured from the isocenter. The profiles show the behavior
of H*/D as a function of distance along the x-axis, which is the axis parallel to the synchrocy88

clotron cylinder. As can be seen from Figure 2.22 (a), an approximately symmetric behavior
was observed for H*/D. As seen for the heights 80 cm and 120 cm, some deviations from the
symmetric behavior could be due to the asymmetry inside the room. The entrance of the maze
into the treatment room introduces a source of asymmetry that might affect the neutron doseequivalent profiles. The maximum value observed for H*/D was 9.2 mSv/Gy, which was due
to the neutrons counted at the isocenter. A comparison between the two cases where a water
phantom was placed at the isocenter and where it was not there has been provided in Figure
2.22 (b).

(a) At various height, with water phantom.

Neutron dose profiles along the beam direction
Figure 2.23 plots the profiles for the absorbed neutron dose-equivalent per treatment Gy to
the isocenter along the z-axis at height 50 cm below the isocenter and parallel to the proton
beam. The blue curve corresponds to a simulation with a water phantom placed at the isocenter
and the red curve corresponds to a simulation without a water phantom. As can be seen from
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(b) With and without waterphantom.

Figure 2.22: Neutron dose-equivalent profiles per treatment proton dose at the isocenter in mSv/Gy unit. The
values have been plotted as a function of transverse distance from the isocenter across the x-axis for various
heights. A water phantom with dimesions 35×35×35 cm3 has been placed at the isocenter for the results shown
in figure (a). The profiles in figure (b) correspond to the H*/D values across the x-axis at height y=0 from the
isocenter with a water phantom (blue) and without a water phantom (red). The first RMW step was used and the
brass aperture opening was set to 20×20 cm2 .

Figure 2.23, the general trend of H*/D was a decrease in the neutron dose with increasing
distance from the nozzle. An exception to this trend was found at the isocenter, where the water
phantom was positioned. The internal neutrons generated inside the water phantom shifted the
profiles upward at the region around z=0. In Figure 2.23, the point z=0 indicates the isocenter,
and the primary protons are generated at the point z=2 m toward the negative z-direction. The
calculated value of H*/D at the isocenter was 4 mSv/Gy when the water phantom front side
was positioned and was 3.5 mSv/Gy when it was removed. The largest difference between
the two cases was observed at z=0.5 m, close to the backside of the water phantom. At that
position, 2.5 times larger H*/D was scored for the configuration with the water phantom. At
z=2 m, the extraction point where the primaries are generated, the value of H*/D for both cases
was about 19 mSv/Gy. Finally, closer to the front wall at z=-6.5 m, a slight increase in the
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H*/D was observed for the case without the water phantom. That could be associated with the
evaporation neutrons that back-scatter from the front wall due to the high energy protons that
reach the wall because of the absence of blocking by the water phantom.

Figure 2.23: Neutron dose-equivalent profile per treatment proton dose at the isocenter in mSv/Gy unit. The
values have been plotted as a function of distance along the beam direction on an axis 50 cm below the isocenter.
Isocenter is at z=0, positive z is toward the nozzle, and the proton beam is directed toward the negative z-direction.
A water phantom with dimensions 35×35×35 cm3 has been placed at the isocenter. The first RMW step was used
and the brass aperture opening was set to 20×20 cm2 .

91

Chapter 3: Neutrons in the scanning S250i
Mevion proton-therapy system

3.1

Introduction

In the previous Chapter, I studied neutron dose in a scattering S250 Mevion system. Passive
scattering proton-therapy systems are being replaced by pencil-beam scanning systems. Pencil
beam scanning systems provide a better dose conformality to the target and reduce the neutron
dose because of the removal of the compensator and brass aperture. In the Mevion systems,
the range modulation wheel has been replaced by a series of range shifter plates, these plates
are closer to the patient compared to the RMW. There is a need to investigate neutron dose in
the scanning S250i Mevion system due to several differences in the design and the materials
between the scattering and scanning nozzles in the Mevion systems.
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3.2
3.2.1

Materials and methods
Geometry

There exist several differences in the nozzle components between the scanning and the scattering Mevion systems. The nozzle uses magnets to scan the pencil beam of protons across
the target area. In the following section, I have described the room geometry and different
components inside the nozzle.

Room and nozzle
The treatment room and vault for the scanning S250i Mevion system were similarly modeled
as the room for the scattering system described in Chapter 2, with the same materials and
dimensions.

Energy modulation system (EMS) and the proton beam
The EMS in the scanning Mevion system consists of 18 plates made of Lexan. 13 plates (the
plates 3 to 15 from right to left in Figure 3.2 (a)) have equal thicknesses of about 14.5 mm. The
first plate that the beam of protons interacts with is less than 2 mm thick. The second plate is
around 3.5 mm thick. The plates 16, 17, and 18 have thicknesses of about 7 mm, 30 mm, and
60 mm, respectively.
The proton beam is generated at approximately 2 m away from the isocenter toward the
water phantom. After passing through the EMS and being modulated in energy by the Lexan
plates, it passes through the adaptive aperture to deliver a sharp penumbra to the target. Figure
3.2 (b)
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Figure 3.1: 3D view of the treatment room model for the scanning S250i Mevion system in Geant4 with the vault
floor side of 14.83 m (the same room dimensions used as provided in Chapter 2 Figure 2.1).

(a) 3D modeling of the nozzle components including the energy modulation system (EMS) plates and the adaptive aperture (AA) for a scanning
Mevion system. Water phantom of size 35×35×35 cm3 has been positioned at the isocenter.

As a primary beam of protons with an initial energy of 227 MeV enters the plates, its
energy is degraded to values that correspond to ranges in water from 32 cm down to the surface.
Different ranges in water can be achieved by different EMS plate configurations.
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(b) A side view of the scanning proton-therapy system with the proton beam on. Passage of the proton beam extracted from the synchrocyclotron toward the water phantom is demonstrated.

Figure 3.2: geometry of the energy modulation system and the proton beam in the scanning Mevion proton-therapy
system modeling.

Adaptive aperture (AA)

In order to enhance the sharpness of the edges of the proton field that covers the target, plates of
nickel have been implemented in the AA system. The AA replaces the static brass aperture that
is used in the passive scattering proton machine for shaping the beam laterally. AA dynamically
adjusts the positions of its nickel leaves according to the beam position. Its effect is to cut the
smooth edges of the transverse dose profile and provide sharp penumbra. This fact enhances
the lowering of the healthy tissue exposure to the protons.
Another advancement that is provided by the scanning beam and the AA system is the
possibility of shaping an accurate radiation field laterally when a healthy region is surrounded
by cancerous tissue in an island shape. This was not possible in the passive scattering system.
Regarding the neutron production, Table 3.1 provides the cross-sections of direct neutron
production (p,n) due to incident 100 MeV, 150 MeV and 200 MeV protons on nickel (58 Ni)
and brass (mainly 63 Cu). These values help to compare the AA in the scanning Mevion system
versus the brass aperture in the scattering Mevion system.
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Table 3.1: Inelastic (p,n) cross-section per unit barn [46].

Nuclei
63 Cu
58 Ni

σ (incident proton energy) (barn)
σ(100 MeV) σ(150 MeV) σ(200 MeV)
0.016
0.01
0.007
0.008
0.007
0.005

According to Table 3.1, the fast neutron production cross-section in nickel is less than that
in brass approximately by factors of 0.5, 0.7, and 0.71 for incident proton energies of 100 MeV,
150 MeV, and 200 MeV. This explains the improvement in terms of neutron production made
by the nickel adaptive aperture.

3.3
3.3.1

Results and discussion
Benchmarking

For benchmarking of the Geant4 model with the scanning Mevion system, proton PDD profiles
and neutron absorbed dose-equivalent H* values have been used. Benchmarking for the protons
has been performed by constructing an SOBP from the PDDs. Benchmarking for the neutrons
has been performed by H*/D values.

Proton depth doses in water and SOBP
I have simulated the proton PDDs for 41 possible configurations of the energy modulation
plates as shown in Figure 3.3 that has been provided by the treatment planning system for
constructing an SOBP with a range of 17 cm and a modulation of 16 cm. The same weights
that were provided by the treatment planning software for the SOBP were used in the analysis
of this section to combine the proton PDDs. The weights are provided in Table 3.2.
Using the listed weighting factors in Table 3.2, the proton beam of the model was bench96

Figure 3.3: Normalized to maximum integral depth dose (IDD) profiles for 41 EMS plate configurations in a
scanning Mevion system.

marked by combining the proton PDDs to construct an SOBP with the same range and modulation provided by the treatment planning, i.e. 17 cm and 16 cm respectively. The 40 EMS
configurations and their output beam energy are listed in Table 3.3.
In the two following figures, plots of deposited dose to a water phantom per primary proton
as a function of depth in water can be seen. Both figures correspond to the same simulation
with 106 primary protons. Figure 3.5 (a) corresponds to a parallel-plate detector with an area of
Table 3.2: PDD weights forming the SOBP in Figure 3.4 with range 17 cm and modulation 16 cm. The weights
have been obtained from the Hyperscan treatment planning (Courtesy to Dr. Y. Hao).

PDD #
1
2
3
4
5
6
7
8
9
10

Weight
7.55
17.76
11.09
5.59
4.97
4.72
3.93
3.27
2.82
2.68

PDD #
11
12
13
14
15
16
17
18
19
20

Weight
2.43
2.19
2.15
1.74
1.93
1.56
1.47
1.52
1.41
1.20

PDD #
21
22
23
24
25
26
27
28
29
30

97

Weight
1.19
1.15
1.07
1.01
0.99
0.94
0.92
0.82
0.79
0.82

PDD #
31
32
33
34
35
36
37
38
39
40

Weight
0.78
0.79
0.70
0.68
0.71
0.68
0.64
0.76
0.59
0.49

Figure 3.4: Constructing an SOBP of range 17 cm and modulation 16 cm with the same weights provided by the
treatment planning system as a benchmarking step.

10×10 cm2 and Figure 3.5 (b) corresponds to a parallel-plate detector with an area of 1×1 cm2 .
The two figures show the entrance dose per primary proton of about 6.5×10−12 Gy/pr. This
value corresponds to the dose that is deposited to the isocenter by a 10×10 cm2 proton field. It
would be

1
4

of this value if a 20×20 cm2 proton field is used, which means that the calculation

of a quantity per proton Gy depends on the field size used in the scanning system. A 10×10
cm2 field has been used in my measurements and in my simulations.
Each field configuration in a scanning proton beam system provides a specific dose to the
isocenter per primary proton. This fact can be verified by considering a fixed number of protons
with equal energy, incident on a water phantom. Shrinking the area of the proton beam will
increase the dose per proton at the isocenter because the density of protons will increase. As
it was discussed above, in a 10×10 cm2 the dose per primary proton to the isocenter is about
6.5×10−12 Gy/pr. On the other hand, for the passive scattering system, my analysis in the
previous Chapter showed that the dose per primary proton to the isocenter is 6.5×10−13 Gy/pr.
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Table 3.3: EMS plate configurations for different PDDs. Primary proton beam enters the 0,1 sequences from the
left side. Configuration 1 leads to the highest range and has the least Lexan material in the beam path.

PDD
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Plate configuration
000000000000111011
010000000000111011
000000000000111111
010000000000111111
000000000001111011
010000000001111011
000000000001111111
010000000001111111
000000000011111011
010000000011111011
000000000011111111
010000000011111111
000000000111111011
010000000111111011
000000000111111111
010000000111111111
000000001111111011
010000001111111011
000000001111111111
010000001111111111

Energy(MeV)
159.6
157.41
155.22
152.99
150.80
148.52
146.24
143.90
141.62
139.22
136.82
134.36
131.94
129.41
126.88
124.27
121.71
119.01
116.31
113.52

PDD
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Plate configuration
000000011111111011
010000011111111011
000000011111111111
010000011111111111
000000111111111011
010000111111111011
000000111111111111
010000111111111111
000001111111111011
010001111111111011
000001111111111111
010001111111111111
000011111111111011
010011111111111011
000011111111111111
010011111111111111
000111111111111011
010111111111111011
000111111111111111
010111111111111111

Energy(MeV)
110.77
107.88
104.96
101.94
98.96
95.80
92.60
89.27
86.07
82.55
78.95
75.18
71.30
67.21
62.98
58.46
53.74
48.60
43.09
36.90

(a) 10×10 cm2 detector

It is concluded that the effectiveness of a single proton in depositing its dose at the isocenter
is 10 times larger in the scanning system when a 10×10 cm2 field is used than the scattering
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(b) 1×1 cm2 detector

Figure 3.5: Depth dose to the water phantom per primary proton obtained by a parallel-plate detector model with
2 different areas. The plots correspond to 106 primary protons, for a proton field size of 10×10 cm2 , with no Lexan
plate in the beam path and removed adaptive aperture.

system.

Comparison of simulated proton dose with theoretical formula
In radiation dosimetry, a formula is introduced to calculate the dose from a charged particle
radiation based on the fluence of that radiation field and the stopping power of the incident
charged particles at the point of interest for the dose calculation [13]. Dose at a point where a
radiation field with fixed energy is incident with a fluence of φ is equal to the product of the
fluence and the mass stopping power of the charged particle radiation:

D = φ(

dT
)
ρdx

(3.1)

In order to check the accuracy of the dose calculations in the previous subsection, I have
considered a beam of protons with 227 MeV energy, passing an area of 10×10 cm2 , and perform
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dose calculations at the entrance of the water phantom. The fluence of a single proton in such a
beam is φ=0.01 cm−2 , defined by the area covered by the beam. The total mass stopping power
of a 227 MeV proton in water is 4.17 MeV cm2 g−1 . As a result, the dose will be 4.17×10−2
MeV g−1 . Considering the relation between MeV g−1 and Gy, (1MeV g−1 = 1.6×10−10 Gy), the
theoretically calculated dose at the water entrance will be 6.67×10−12 Gy. This value can be
observed at the entrance of the dose curves in Figure 3.5.

Proton transverse dose profile in water
In this section, I have simulated the photons incident onto a water phantom with a transverse
field size of 10×10 cm2 , and have obtained the 2D transverse dose profile at the isocenter by a
1 cm thick plate detector shown in Figure 3.6 (a). My purpose here was to ensure a uniform,
square shape of the proton field that has the same field shape used in the measurement with the
scanning Mevion system.

(a) Dose per primary proton for a 10×10 cm2 field size on a 41×41 grid spots with equal distancing of 2.5 mm.

In Figure 3.6 (b), the effect of the adaptive aperture on a similar proton field has been
101

(b) Normalized dose for a 5×2.5 cm2 field size.

Figure 3.6: Transverse entrance dose profiles at the isocenter recorded by 1 cm thickness plate detectors at the
entrance of a water phantom.

shown. The scanned proton field covers an area of 10×10 cm2 , and the adaptive aperture has
an opening size of 5×2.5 cm2 . Accordingly, a transverse field of the same size is obtained on
the surface of the water phantom.

Neutron spectra
In this section, I have investigated the neutron production of the Geant4 model in terms of the
integral absorbed neutron dose per treatment Gy or H*/D. The results have been compared with
the measurements performed by a WENDI-2 neutron H* detector. Comparison with previously
measured data from other authors has also been performed.

Comparison of the measured H*/D values for the passive and scanning systems
Table 3.4 provides 6 measurement results. The first three measurements have obtained using
the full range proton beam with 32 cm depth in water and with 227 MeV. The next three
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measurements have been obtained using a proton beam with 10 cm depth in water and with 120
MeV. Both sets of the three measurements have been performed at 50 cm, 100 cm, and 150 cm
transverse distance from the isocenter respectively.
Table 3.4: Values of the measured neutron H*/D in mSv/Gy for scanning Mevion S250i.

Measurement
1
2
3
1
2
3

Transverse distance
Proton dose at
Neutron dosefrom the isocenter (cm) 5 cm depth (Gy) equivalent H* (mSv)
Beam energy: 227 MeV; Range in water: 32.2 cm
50
9.09
1.05
100
9.09
0.853
150
9.09
0.706
Beam energy: 120 MeV; Range in water: 10.57 cm
50
11.8
1.44
100
11.8
0.98
150
11.8
0.75

H*/D
(mSv/Gy)
0.115
0.094
0.078
0.122
0.083
0.064

Table 3.5 provides the measured values of H*/D from reference [53] which are the neutron
H*/D for the scattering Mevion system. Comparison of these two data sets helps us gain a
better understanding of the difference between the two systems in terms of neutron production.
In the first three rows of Table 3.5, the values of H*/D measured at 100 cm transverse distance
are provided. The data points are in the range of 0.19 mSv/Gy to 0.36 mSv/Gy.
As an analysis of the amount of improvement introduced by the scanning system in terms
of neutron production, the highlighted boxes in Table 3.5 correspond to the values relevant
to the SWENDI-2 measurements in terms of distance [53]. The closest relevant setup to the
measurement setup used in this section corresponds to a 40 cm transverse distance with a 10×10
cm2 aperture opening with an H*/D value of 0.22 mSv/Gy measured for the scattering Mevion
system. The relevant values in my measurements for the scanning Mevion system are those at
a distance of 50 cm with an opening of 10×10 and values of 0.115 mSv/Gy and 0.122 mSv/Gy.
Correspondingly, the amount of neutron absorbed H*/D in the scattering machine is 3.68 to
3.91 times larger than those in the scanning machine.
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According to the lines above, the SWENDI-2 measurements in reference [53] suggest
about 2 times larger H*/D in the scattering system. The TOPAS simulations in the same study
[53] show similar results to the simulations of the present Geant4 simulations suggesting an
order of magnitude larger neutron H*/D generated in the scattering system.
Table 3.5: Values of the measured neutron H*/D in mSv/Gy for the passive scattering Mevion S250 from Prusator
et al. [53].

Option
small
deep
large

Field size (cm2 )
10×10
10×10
20×20

Distance (cm)
100
100
100

H*/D (mSv/Gy)
0.19
0.23
0.36

small
small
small
small
small
small

10×10
10×10
10×10
10×10
10×10
10×10

20
40
60
80
100
150

0.23
0.22
0.21
0.20
0.19
0.18

deep
deep
deep
deep
deep
deep

10×10
10×10
10×10
10×10
10×10
10×10

20
40
60
80
100
150

0.30
0.28
0.25
0.24
0.23
0.19

large
large
large
large
large
large

20×20
20×20
20×20
20×20
20×20
20×20

20
40
60
80
100
150

0.50
0.45
0.40
0.38
0.36
0.33

Comparison of the measured H*/D with the Geant4 H*/D values for the scanning Mevion
system
In this section, I have made a comparison between the values of H*/D measured by the WENDI2 neutron detector and calculated by Geant4. The measurements were performed for a scanning
Mevion system, with a 10×10 cm2 field size, and retracted adaptive aperture (AA) minimizing
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the primary protons that hit the AA. Table 3.6. lists the same measurement values of H*/D that
were provided in Table 3.4 to compare them with the Geant4-calculated values of H*/D for two
settings: removed (retracted) AA and closed AA. These two settings have been considered for
minimum and maximum neutron production, due to the proton interactions with the nickel in
the AA, respectively. The actual amount of H*/D is expected to be in the range between these
two values.
Both measurement and calculation datasets correspond to two beam energies of 227 MeV
and 120 MeV, each performed at three transverse distances of 50 cm, 100 cm, and 150 cm. The
WENDI-2 measurements were performed in the retracted AA mode. The simulation results
with removed AA can be compared to the measurement results. The provided H*/D values for
the closed AA mode indicate the amount of increase of H*/D due to the AA. The contribution
of the proton loss in the extraction process has been added to the total neutron dose for each of
the transverse distances in the simulations.
Table 3.6: Values of the measured neutron dose to Geant4 calculations of H*/D in units of (mSv/Gy). One-to-one
ratio of the number of primary beam protons to the protons lost in the synchrocyclotron has been assumed.

Transverse distance
WENDI-2
Geant4 (removed AA) Geant4 (closed AA)
from the isocenter (cm) H*/D (mSv/Gy)
H*/D (mSv/Gy)
H*/D (mSv/Gy)
Beam energy: 227 MeV; Range in water: 32.2 cm
50
0.115
0.188
0.864
100
0.094
0.088
0.260
150
0.078
0.056
0.140
Beam energy: 120 MeV; Range in water: 10.57 cm
50
0.122
0.356
0.440
100
0.083
0.144
0.164
150
0.064
0.080
0.092

The trend of the simulated data points shows a faster rate of decrease as a function of
transverse distance than the measurement data points. The absolute values of the simulations
results with the 227 MeV beam are in reasonable agreement with the measured values (see the
highlighted columns).
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At 50 cm transverse distance, for 227 MeV beam, the results of Geant4 for H*/D has been
0.188 mSv/Gy for removed AA. The corresponding measured value has been 0.115 mSv/Gy.
For 120 MeV beam, the results of Geant4 for H*/D have been 0.356 mSv/Gy for removed AA.
The corresponding measured value has been 0.122 mSv/Gy. The simulated values of H*/D for
227 MeV is 63% larger and for 120 MeV is 199% larger than the measurement.
At 100 cm transverse distance, for 227 MeV beam, the result of Geant4 for H*/D has been
0.088 mSv/Gy for removed AA. The corresponding measured value has been 0.094 mSv/Gy.
For 120 MeV beam, the results of Geant4 for H*/D have been 0.144 mSv/Gy for removed AA.
The corresponding measured value has been 0.083 mSv/Gy. The simulated values of H*/D for
227 MeV is 6.4% lower and for 120 MeV is 73% larger than the measurement.
The simulated values fall off more rapidly that corresponds to a lack of contribution to the
neutrons in larger transverse distances from the isocenter. A source that could increase the
uniform spread of neutron H* across the treatment room could be the synchrocyclotron. Here,
a 1:1 rate of proton loss in the extraction process has been considered, based on a suggestion
from Mevion. A larger proton loss ratio and a model of the proton loss process in the synchrocyclotron with a more laterally extended neutron production could be an approach toward a
further uniform transverse spread of the simulated neutrons.

3.3.2

Neutron H* spectra from various components

The following plots involve characterizing the neutron sources responsible for the incident neutron H* onto the water phantom that models the patient’s body by a cube of water with size
35×35×35 cm3 . Separate neutron H* spectra were obtained from Geant4 simulations by implementing the TTree class in ROOT software. Similar to the previous Chapter, TTree objects were
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used to record the hits of individual primary and secondary particles within different materials
in the simulated room and nozzle.
Data sets usually took a few GBs memory and were analyzed by separate ROOT macros
which are written in C++ language. In the following subsections, I have categorized the neutron
H* spectra impinging on the water phantom based on the components where the corresponding
neutron tracks have been generated first. From each dose spectrum plot, their integral neutron H*/D were obtained. By finding this value, the strength of the biological effects of the
secondary radiation from the various components has been estimated.
In each subsection, two figures or two sets of figures have been presented. The first Figure
corresponds to the removed (retracted) adaptive aperture mode, and the second Figure corresponds to the closed adaptive aperture mode, where the nickel leaves block the proton beam
entirely. Two configurations of the EMS plates corresponding to 227 MeV, i.e. 32 cm full-range
depth in water, and 120 MeV, i.e. 10 cm range, have been plotted in each diagram with blue
and green curves respectively.

Synchrocyclotron
Figures 3.7 (a) and (b) show the energy spectra of the neutron H* absorbed to the water phantom
from the neutrons generated in the synchrocyclotron. Figure 3.7 (a) corresponds to removed
adaptive aperture, while Figure 3.7 (b) corresponds to closed adaptive aperture. In each diagram, the two curves correspond to two different beam energies. The absorbed dose mainly
results from neutrons in the evaporation range around 1 MeV. The figures correspond to the
protons that are emitted through the nozzle. 1:1 loss to extracted proton ratio in the synchrocyclotron has been considered in these diagrams. This ratio has been obtained from Mevion.
Figure 3.7 (c) shows the angle and position of the proton loss model inside the synchrocy107

clotron. The protons are initiated at 50 cm toward the left of the center of the synchrocyclotron,
uniformly in a cone of 0.4π angle measured from the central axis. The evaporation neutrons
are first produced in the nozzle components and are emitted uniformly in all directions. These
neutrons can be incident on the synchrocyclotron and cause further neutron evaporation that
results in the neutron absorbed dose spectra seen in the figures below.

(a) Removed adaptive aperture

Both cases without and with the adaptive aperture show similar absorbed neutron dose
spectra to the water phantom. The adaptive aperture is within the nozzle and has a negligible
influence on the spectrum of neutrons that are generated in the synchrocyclotron. Thus no
difference is seen between figures 3.7 (a) and 3.7 (b). Table 3.7 contains the total neutron
absorbed dose to the water phantom per unit proton Gy received from the synchrocyclotron.

Adaptive aperture (AA)
The AA for this simulation has been set to two conditions: removed AA and closed AA entirely
blocking the proton beam. For the 227 MeV case, no Lexan plates were placed in the beam
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(b) Closed adaptive aperture

(c) Proton loss in synchrocyclotron

Figure 3.7: Neutron H*(E)/D absorbed to the water phantom from neutrons produced in the synchrocyclotron
(a,b) and a representation of proton loss inside the synchrocyclotron with blue trajectories as protons and green
trajectories as neutrons (c).

path which minimizes the transverse scattering of the beam. For the 120 MeV beam, a total of
19 cm Lexan material was placed in the beam path. The proton pencil-beam spread laterally
before interacting with the AA. The transverse spread would not be an important factor in
the neutron production: same neutron spectra were expected to be generated regardless of the
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transverse shape of the beam impinging on the closed AA, as long as all the beam was within
the area covered by the AA block. Figure 3.8 shows the absorbed neutron H* per unit proton
Gy delivered to the water phantom from neutrons generated in the closed AA. The integral
H*/D from a closed AA for two beam energies 227 MeV and 120 MeV have been listed in
Table 3.7.

Figure 3.8: Neutron H*(E)/D absorbed to the water phantom from neutrons produced in the AA entirely blocking
the proton beam. The AA causes up to 8.8 times more neutron dose to the water phantom when irradiated with a
full energy beam compared to a 120 MeV proton beam.

According to Figure 3.8, the ratio of the fast to evaporation neutrons remained close to
1 for both 227 MeV and 120 MeV beams. A difference in the maximum energy of the fast
neutrons was observed for the two beams. 227 MeV protons generated fast neutrons with
larger terminal energy at about 200 MeV. 120 MeV protons generated fast neutrons with lower
terminal energy at about 100 MeV. On the other hand, the evaporation neutron peaks both
happened at approximately the same energy at 1 MeV.
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Ceiling and floor
Absorbed neutron H* spectra to the water phantom from neutrons generated in the ceiling and
floor were similar in shape and magnitude. Figures 3.9 (a) and 3.9 (b) correspond to the two
cases of removed adaptive aperture and closed adaptive aperture respectively, and both belong
to the treatment room ceiling. Similarly, figures 3.10 (a) and 3.10 (b) correspond to the two
cases of removed adaptive aperture and closed adaptive aperture respectively, both belonging
to the treatment room floor. For each plot, two beam energies of 227 MeV and 120 MeV were
considered.

(a) Removed adaptive aperture

According to the diagrams in Figure 3.9, only the evaporation region was the effective
energy range. The ceiling and floor, simulated as concrete, contained about 50% oxygen and
33% silicon. Most of the neutron absorbed dose contribution from the room was expected to
be generated from these two elements.
The integral neutron H*/D from ceiling and floor for the retracted adaptive aperture and
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(b) Closed adaptive aperture

Figure 3.9: Neutron H*(E)/D absorbed to the water phantom from neutrons produced in the ceiling for two settings
of the adaptive aperture.

(a) Removed adaptive aperture

closed adaptive aperture modes have been listed in Table 3.7. The data were obtained for either
beam energies of 227 MeV and 120 MeV.
According to Table 3.7, about a 35% increase was observed in the neutron dose received
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(b) Closed adaptive aperture

Figure 3.10: Neutron H*(E)/D absorbed to the water phantom from neutrons produced in the floor for two settings
of the adaptive aperture.

to the water phantom from ceiling and floor for 120 MeV proton beam compared to 227 MeV
beam for the case of removed adaptive aperture. Using an entirely beam-blocking adaptive
aperture, about 15% decrease was seen in the neutron dose received to the water phantom from
ceiling and floor for 120 MeV proton beam compared to 227 MeV beam.
The overall neutron dose contribution from the room was negligible. This fact was also
observed in the previous Chapter on the passive scattering system where a tiny fraction of the
total neutron dose came from the floor and ceiling.

Internal neutrons
In order to calculate the internal neutrons, the whole water phantom volume was set as a sensitive volume for every interaction in it to be recorded by the data record class defined in the
Geant4 code. By implementing this method, any secondary neutrons generated in the water
phantom, their positions, and their energies were recorded. A fluence histogram in energy was
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built for the secondary neutrons. The fluence spectrum was obtained by dividing the neutron
histogram in energy to the average cross-sectional area of the water phantom, being

1
4

of its

total area. Multiplying the fluence spectrum by the ICRP fluence-to-H* conversion coefficients
resulted in the absorbed internal neutron H* spectra per unit Gy of the treatment dose H*(E)/D.
The corresponding data have been shown in figures 3.11 (a) and (b).

(a) Removed adaptive aperture

The total internal neutron H* has been obtained by integrating the H*/D spectra in Figure
3.11. For removed adaptive aperture, the 227 MeV primary proton beam produced an absorbed
internal neutron dose per treatment Gy of 2.97 mSv/Gy. This value was reduced to 0.072
with a beam-blocking adaptive aperture. For removed adaptive aperture, the 120 MeV primary
proton beam produces an absorbed internal neutron dose per treatment Gy of 0.956 mSv/Gy.
This value was reduced to 0.176 with a beam-blocking adaptive aperture. These quantities are
contained in Table 3.7.
For removed adaptive aperture, about a 68% decrease is observed in the neutron H*/D in
120 MeV beam compared to 227 MeV beam. With a closed adaptive aperture, however, about
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(b) Closed adaptive aperture

Figure 3.11: Neutron H*(E)/D absorbed to the water phantom from its internally produced neutrons for two
settings of the adaptive aperture.

140% increase is observed in the neutron H*/D in 120 MeV beam compared to 227 MeV
beam. Overall reduction in the internal neutron H* is of an order of magnitude when the beam
is entirely blocked by the adaptive aperture. In this case, the dose to the isocenter is mainly due
to the fast neutrons, as all the protons will be absorbed in the adaptive aperture.
For the passive scattering system, the simulated neutron H*/D absorbed to the water phantom from its internally produced neutrons for the first range modulation step, corresponding to
227 MeV proton beam immediately after the range modulation wheel, and for a field size of
10×10 cm2 , has been 5.2 mSv/Gy. In comparison, for a removed adaptive aperture, and the
configuration of the energy modulation system corresponding to 227 MeV (no Lexan plate in
the beam path), the value of neutron H*/D absorbed to the water phantom from its internally
produced neutrons is 2.97 mSv/Gy. This shows about a 43% reduction in the internal neutron
H* for the scanning Mevion system.
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H* spectra at 50 cm
Comparison of the Geant4 simulations with the WENDI-2 chamber measurements has been
done by placing 3 spherical neutron counting surfaces of 10 cm radii at 3 transverse distances
from the isocenter: 50 cm, 100 cm, and 150 cm. The same settings were used for measurements
with the WENDI-2 neutron detector. The spectra of neutron absorbed H* to a tissue-equivalent
sphere have been plotted in figures 3.12 (a), (b), and (c) for the removed adaptive aperture case.
Figure 3.13 (a), (b), and (c) show similar information for a beam-blocking adaptive aperture.

(a) 50 cm transverse distance from the isocenter

For the removed adaptive aperture, larger neutron H*/D was absorbed from a 120 MeV
beam compared to the 227 MeV beam. This is due to the neutrons that are produced in the
Lexan plates. Also, it is seen in Figure 3.12 that the fast neutron components contribute largely
to the total dose. This could be explained in terms of the position of the Lexan plates that
generate fast neutrons. Lexan plates are placed at a larger distance from the detectors than the
water phantom. The forward-peaked fast neutrons, in 120 MeV beam from the Lexan plates,
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(b) 100 cm transverse distance from the isocenter

(c) 150 cm transverse distance from the isocenter

Figure 3.12: Neutron H*(E)/D absorbed to a tissue-equivalent material from neutrons generated in all the components at three detections transverse distances from the isocenter with removed adaptive aperture.

have a larger probability to reach the detector than the fast neutrons, in 227 MeV beam, from
the water phantom.
On the other hand, when the beam is entirely blocked by the adaptive aperture, the absorbed
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(a) 50 cm transverse distance from the isocenter

(b) 100 cm transverse distance from the isocenter

neutron total H*/D by the 227 MeV dominates the H*/D value generated by the 120 MeV
beam. The 227 MeV protons will stop in the nickel while they cause more neutron H* than
the 120 MeV. Given the 120 MeV beam has already lost 107 MeV in the Lexan plates and
the corresponding neutrons from Lexan are added to those from nickel, proton energy loss in
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(c) 150 cm transverse distance from the isocenter

Figure 3.13: Neutron H*(E)/D absorbed to a tissue-equivalent material from neutrons generated in all the components at three detections transverse distances from the isocenter with closed adaptive aperture.

Lexan leads to less neutron production than proton energy loss in nickel. This fact corresponds
to the lighter weights of nuclei in the Lexan than in the adaptive aperture.
Comparison of the integral quantities corresponding to the diagrams above and the corresponding measurements with the WENDI-2 chamber are listed in Table 3.7. The percentage
differences between the calculated and measured quantities have been listed in Table 3.8.
According to Tables 3.7 and 3.8, the total amount of neutron H*/D absorbed at 50 cm
transverse distance from the isocenter for the removed adaptive aperture was 0.188 mSv/Gy
for the 227 MeV proton beam, and 0.356 mSv/Gy for 120 MeV proton beam. These values
showed 63% and 192% difference from the corresponding WENDI-2 detector measurement,
respectively. At 100 cm transverse distance, similar quantities for the 227 MeV and 120 MeV
beam showed -6.4% and 73% difference, respectively. At 150 cm distance, the corresponding
percentage difference of -28% and 25% was observed.
A comparison was made between the simulation and measurements on the scanning and
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Table 3.7: Values for Geant4 calculated fractional neutron H*/D absorbed to the water phantom from various
nozzle and room items. The 6 last rows show the calculated and measured total H*/D absobed to tissue equivalent
spheres at 50 cm, 100 cm, and 150 cm transverse positions relative to the beam. Values are provided for retracted
adaptive aperture and closed adaptive aperture. Values are provided for the proton beam energies of 227 MeV and
120 MeV.

Item/
Distance
(cm)
S-Cyc
AA
Ceiling
Floor
Internal (WP)
50 cm
100 cm
150 cm
WENDI-2 50 cm
WENDI-2 100 cm
WENDI-2 150 cm

H*/D (mSv/Gy)
Removed AA
Closed AA
227 MeV
120 MeV
227 MeV
120 MeV
−2
−2
−2
1.72×10
1.76×10
1.8×10
1.76×10−2
3.52
0.40
−3
−3
−3
1.52×10
2.12×10
2.71×10
2.24×10−3
−3
−3
−3
2.16×10
2.81×10
3.40×10
2.96×10−3
2.97
0.956
0.072
0.176
0.188
0.356
0.864
0.440
0.088
0.144
0.260
0.164
0.056
0.080
0.140
0.092
0.115
0.122
0.094
0.083
0.078
0.064
-

Table 3.8: Percentage difference between Geant4 calculated and WENDI-2 measured neutron total H*/D at three
transverse positions for removed and closed adaptive aperture. Values are provided for the proton beam energies
of 227 MeV and 120 MeV.

Transverse
Distance
(cm)
50
100
150

% ∆ from measurement value
Removed AA
227 MeV
120 MeV
63
192
-6.4
73
-28
25
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the scattering Mevion systems. As discussed in Chapter 2, for the passive scattering system,
the Geant4 simulated neutron H*/D has been 3.93 mSv/Gy at a 50 cm distance. In comparison,
a corresponding measured value of 3.94 mSv/Gy with a Bonner sphere system [28] has been
reported. These values show a 0.25% deviation of the Geant4 result from the measurement
result.
The deviations between the Gean4 and the measurement results were larger in the scanning
Mevion system. This difference could be explained in terms of the simplified model of the
Geant4 code and the requirement for making a more precise model of the scanning nozzle for
the S250i Mevion machine. In general, the amount of neutron production resulted from the
Geant4 simulations for the scanning machine was different from the measurements by a factor
of 2.
The overall difference between the simulation results and the measurement values were
comparable to the similar reported studies on the proton-therapy systems. According to reference, [49] , the magnitude of the reported neutron H*/D is an inconsistent quantity in the
literature in general, and it shows more than an order of magnitude difference between the
measured and calculated values. With this regard, the Geant4 results in this study seemed to be
in acceptable agreement compared to the measured data.

3.3.3

Neutron H*/D contributions from various items

The pie charts in figures 3.14 and 3.15 demonstrate the ratios and absolute values of neutron
H*/D from the items in the scanning machine, from the floor and ceiling of the treatment room,
and from the water phantom (internal neutrons). The absolute values of H*/D are indicated in
each Figure in units of mSv/Gy. The pie charts contain integrals of the ICRP coefficient mod121

ulated neutron fluence spectra per treatment Gy from various components. The corresponding
neutron H* spectra were discussed in the sections above. The simulations included 108 primary
protons with 227 MeV initial energy.
Figure 3.14 contains two pie charts that correspond to removed adaptive aperture, and a
fixed field size of 10×10 cm2 . Two configurations of the energy modulation system (EMS)
were used to obtain the pie charts. Figure 3.14 (a) corresponds to an EMS configuration with a
proton beam output energy of 120 MeV. Figure 3.14 (b) corresponds to an EMS configuration
with a proton beam output energy of 227 MeV.
About 70% of the neutron absorbed dose was generated inside the water phantom when
the 120 MeV beam, corresponding to 10 cm pristine peak depth in water, was used. This ratio
increased to about 99% for the 227 MeV beam, corresponding to 32 cm pristine peak depth in
water. The contribution of other items is so small that they hardly are visible in the pie chart.

Figure 3.14: Pie charts of neutron absorbed H*/D for a field size of 10×10 cm2 and removed adaptive aperture.
Angles in the pie charts correspond to the ratio of neutron H* contribution from nozzle or room components.
Stated absolute values are in the units of mSv/Gy. From left to right the pie charts correspond to the configuration
of the energy modulation Lexan plates with a) 120 MeV, and b) 227 MeV proton beam energy. The abbreviations
in the pie charts read as following: cyc= synchrocyclotron, EMS= energy modulation system, AA= adaptive
aperture, waterP= water phantom, rmClng= ceiling, rmFlr= floor.

Figure 3.15 contains two pie charts that correspond to the closed adaptive aperture mode.
Similar to the previous figure, two configurations of the energy modulation system (EMS) were
used to obtain the pie charts. Figure 3.15 (a) and (b) correspond to the EMS configurations with
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a proton beam output energy of 120 MeV and 227 MeV, respectively.
Using a 120 MeV beam, 18.5% of the absorbed neutron dose was generated inside the water
phantom, 39% of the absorbed neutron dose to the water phantom was received from the EMS,
and 42.5% was absorbed from the AA. On the other hand, when a 227 MeV beam was used
with a closed AA, 97% of the neutron absorbed dose to the water phantom was received from
the AA, and the internal neutron dose has been 3%.

Figure 3.15: Pie charts of neutron absorbed H*/D for a field size of 10×10 cm2 and a closed adaptive aperture.
Angles in the pie charts correspond to the ratio of neutron H* contribution from nozzle or room components.
Stated absolute values are in the units of mSv/Gy. From left to right the pie charts correspond to the configuration
of the energy modulation Lexan plates with a) 120 MeV, and b) 227 MeV proton beam energy. The abbreviations
in the pie charts read as following: cyc= synchrocyclotron, EMS= energy modulation system, AA= adaptive
aperture, waterP= water phantom, rmClng= ceiling, rmFlr= floor.

3.3.4

Neutron profiles inside the treatment room with and without the
water phantom

In this section, the neutron H*/D profiles across the treatment room have been plotted. The
general behavior of the profiles as a function of different parameters has been investigated. The
effects of the placement and removal of the water phantom have been obtained. In addition, the
amount of increased neutron dose to the isocenter as a result of a complete bocking of the beam
has been shown in the figures. The simulations for calculating the profiles in Figures 3.16 and
3.17 involved beam energies of 120 MeV and 227 MeV. For the calculations with the water
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phantom, a 35×35×35 cm3 cube of water was placed at the isocenter.

Neutron dose profiles perpendicular to the beam direction
Figures 3.16 (a) and (b) plot the profiles for H* per treatment Gy to the isocenter at the height
level of the isocenter (y=0 cm) across the x-axis perpendicular to the proton beam. The first
figure corresponds to a 120 MeV beam and the second figure corresponds to a 227 MeV beam.
According to the simulation results, a symmetric behavior was observed for H*/D with respect
to the isocenter. A large contribution from the adaptive aperture was observed when the proton
beam was entirely blocked by it. The sharp increase at the isocenter (x=0 cm) can be ascribed
to the fast neutrons that were forward-peaked and mostly passed through the scorer placed at
the isocenter, while the other scorers recorded the entrance of the evaporation neutrons, and
thus resulted in lower doses. An increase from 30 mSv/Gy to 140 mSv/Gy was observed at the
isocenter as a result of using the maximum energy protons, i.e. 227 MeV beam instead of 120
MeV (modulated) beam.

(a) 120 MeV proton beam.
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(b) 227 MeV proton beam.

Figure 3.16: Neutron dose profiles across the treatment room perpendicular to the beam at hight 0 (the isocenter
height) for three geometry configurations in each plot: 1) with the water phantom placed at the isocenter and a
retracted adaprive aperture (no proton collisions with the adaptive aperture), 2) with removed waterphantom and a
retracted adaptive aperture, and 3) with removed water phantom and an entirely beam-blocking adaptive aperture.

Neutron dose profiles along the beam direction
Figures 3.17 (a) and (b) plot the profiles for H* per treatment Gy to the isocenter along the zaxis at height -50 cm from the isocenter parallel to the proton beam. The first figure corresponds
to a 120 MeV beam and the second figure corresponds to a 227 MeV beam. In contrast to the
results from the scattering system in Chapter 2, the neutron dose was smaller in the regions
closer to the proton extraction source. This behavior is a result of the removal of the proton
beam scattering in the magnetically scanning systems. The internal neutrons generated inside
the water phantom resulted in an upward shift in the neutron profiles at the region around z=0.
In Figures 3.17 (a) and (b), the point z=0 indicates the isocenter, and the primary protons were
generated at the point z=2 m toward the negative z-direction.
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(a) 120 MeV proton beam.

(b) 227 MeV proton beam.

Figure 3.17: Neutron dose profiles across the treatment room parallel to the beam at height -50 cm from the
isocenter for three geometry configurations in each plot: 1) with the water phantom placed at the isocenter and a
retracted adaprive aperture (no proton collisions with the adaptive aperture), 2) with removed waterphantom and a
retracted adaptive aperture, and 3) with removed water phantom and an entirely beam-blocking adaptive aperture.
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Chapter 4: Conclusion

4.1

Comparison of radiation doses to the human body from
various sources

Different sources, including natural background radiation or medical sources of radiation, induce different effective doses to the human body. Generally, the amount of dose received in
a medical treatment or a diagnostic session is larger than the total natural background dose
received in a year [54]. The average rate of radiation dose received by a person living in the
US is 6.2 mSv/yr [55]. The yearly background dose can vary depending on the region and the
altitude. A person living in a city with a higher altitude would receive a slightly larger amount
of cosmic radiation due to less atmospheric shielding. At the sea level, the yearly rate of cosmic radiation dose is 0.3 mSv, while for an individual living in Denver (altitude of 5,280 ft) the
yearly dose rate is 0.8 mSv [55]. Cosmic radiation forms 5% of the background radiation we
receive [55]. A one-way flight across the US (e.g. from New York to Los Angeles) will cause
cosmic radiation absorbed dose of 0.02-0.05 mSv, approximately half of the dose received from
a chest X-ray with a value of 0.1 mSv for a single procedure [55].
Another source of background radiation is the existence of radioactive elements on the
Earth. Uranium and thorium are the main sources of terrestrial radiation [55]. Moreover, the
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human body itself contains radioactive elements, e.g.

40

K with 0.01% natural abundance, that

exist in the soil and thus the food we intake. The average amount of daily intake of potassium
is 2.7 mg. The internal dose received to the human body from its own radioactive elements is
0.29 mSv per year.
On average, 48% of the absorbed dose to an individual living in the US comes from the
medical procedures [55]. The prescribed dose in proton therapy is site-specific like that in
photon therapy. Doses in the range 30 Gy to 70 Gy are typically prescribed. For example,
for a 70 Gy proton dose prescription, assuming an average value of H*/D=5 mSv/Gy for the
secondary neutron dose throughout the body of a patient in a scattering proton-therapy session,
the estimated average secondary neutron absorbed dose to the patient would be in the range of
350 mSv.
On the other hand, assuming an average value of H*/D=0.5 mSv/Gy for the secondary
neutron dose throughout the body of a patient in a scanning proton-therapy session, the estimated average secondary neutron absorbed dose to the patient would be in the range of 35 mSv.
Specifically for the scattering proton-therapy treatments, the estimated secondary dose values
are several times larger than the yearly natural radiation dose, however, on average, the rate
of yearly medical and natural radiation doses that an individual would receive are comparable
(see Table 4.1).
In the diagnostic procedures, i.e. positron emission tomography (PET scan) and computed
tomography (CAT scan), the average body effective doses have been evaluated for three different combined PET and CAT scan protocols [54]. The most frequently used protocol in the
clinical applications corresponded to an average effective dose of 6.23 mSv for a PET scan process and 7.32 mSv for a CAT scan process. The combined two diagnoses amounted to 13.55
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mSv absorbed the average effective dose to the body of patients. Compared to the 350 mSv
estimated secondary neutron dose from a typical scattering proton-therrapy treatment, the value
of 13.55 mSv absorbed dose from the PET+CAT scan is several times smaller. However, it is
comparable to the typical secondary dose of 35 mSv from a scanning proton-therapy procedure. The data in Table 4.1 have been taken from reference [55] and present the yearly rate of
absorbed dose to the human body from different sources.
Table 4.1: Average annual effective dose absorbed to human body from various sources.

Radiation source
Radioactive gases (radon and thoron)
Space (sea level)
Internal
Terestrial
Computational tomography (CAT scan)
Nuclear medicine
Fluoroscopy
Conventional radiography
Consumer, Occupational, Industrial

4.2

Annual average
dose to person (mSv)
2.28
0.33
0.29
0.21
1.47
0.77
0.43
0.33
<0.14

Pecentage
contribution
37%
5%
5%
3%
24%
12%
7%
5%
<2.2%

Specific conclusions related to scattering S250 Mevion
system

In Chapter 2, I performed a study of neutron production in the scattering Mevion protontherapy system and investigated this phenomenon from various angles. Many parameters were
considered and their influence on the neutron production in the scattering Mevion machine
was analyzed. I performed a benchmarking of the Geant4 code that was used for this study.
The benchmarked results for the total fluence and total neutron dose-equivalent matched the
extended-range Bonner sphere (ERBS) measurements within 4.6% and 0.25%, respectively. In
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addition, the neutron dose-equivalent calculations at 5 transverse points with comparable beam
and nozzle parameters to a previous TOPAS study were benchmarked with a difference of an
order of 10%.
My Geant4 simulations, however, did not agree with the SWENDI-2 measurements in the
same study that provided the TOPAS results. Moreover, other reported values of H*/D exist
in the literature that my data has not agreed with. These differences could be associated with
the various types of machines, to the different proton source average energies, energy spreads,
and spot sizes, to uncertainties regarding the proton extraction ratios in the accelerators, to the
geometrical uncertainties in the items’ dimensions and variations in the material densities, and
to the uncertainties in the cross-section libraries (see Appendix A).
The analysis of neutron production in the scattering machine consisted of showing several
diagrams of the neutron fluence spectra per treatment Gy to the isocenter received from various
items in the nozzle and those in the room onto the water phantom, which models a human body.
Data of the percentages of thermal, intermediate, evaporation, and fast neutron production were
provided for each contributing item to the neutron dose. I indicated the neutron fluence spectra
per unit mass of each item, and correspondingly observed the largest neutron production per
mass of the objects to be from the lead in the first scatterer and in the RMW.
The pie charts of the total H*/D from different nozzle components and room items were
obtained and plotted. An analysis was done by changing the RMW step at a fixed field size
and changing the field size at a fixed RMW step. The corresponding effects on the values of
H*/D were observed and studied. It was concluded from the pie charts that about 60% of the
neutron H*/D was caused due to the internal neutrons when the 1 st RMW step was used. This
ratio decreased to 50% for 7th RMW step. Using the 14th step of the RMW further decreased
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this ratio to about 25%.

A decrease of H*/D from the neutrons generated in the brass aperture was observed as a
result of rotating the RMW from the first step upward. For the 1 st RMW step the contribution
of the brass aperture was 2.7 mSv/Gy, for the 7th RMW step it was 1.4 mSv/Gy, and for the 14th
RMW step it was 0.28 mSv/Gy. In this analysis, the RMW output beam energy was lowered
from 227 MeV to 165 MeV, while keeping the brass aperture opening constant with a 10 cm
side length. As a result of this shift in the RMW output beam energy, the absorbed neutron
H*/D to the water phantom decreased by about a factor of 10.

Finally, the profiles of the total, i.e. integrated, H*/D values as functions of position inside
the treatment room were obtained. A general decreasing trend of H*/D was observed from
the proton extraction point toward the isocenter and beyond. The water phantom was found
to cause an increase in the H*/D profile around the isocenter. This fact was discussed to be
due to the internal neutrons that move outward from the water phantom. In conclusion, I
have presented a set of the expected values for the absorbed neutron dose-equivalent per unit
treatment Gy to the isocenter for the scattering Mevion proton machine at various positions,
and as a function of various parameters. The H*/D values could be used to obtain a better
understanding of the difference between the neutron production in the scattering Mevion S250
system and the scanning Mevion S250i system that was studied in Chapter 3.
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4.3

Specific conclusions related to scanning S250i Mevion system

In Chapter 3, I performed a Geant4 study of the scanning S250i Mevion proton-therapy system and made a comparison between the simulation results and the measurement data with a
WENDI-2 neutron detector that were obtained as a part of the study in the present dissertation.
The nozzle components with major influence on neutron production, i.e. the energy modulation system and the adaptive aperture, their dimensions, and materials, were discussed. A
cross-section analysis was performed on the difference between the adaptive aperture in the
scanning system and the brass aperture in the scattering system regarding primary protoninduced neutrons in these components. I performed a benchmarking of the model by studying
the proton PDD profiles and their resulting SOBP. The dose per primary proton in a 10×10 cm2
field was obtained for H*/D calculations.
Two Geant4 models were checked in terms of producing the correct transverse profile form.
The effect of the adaptive aperture opening on the transverse profile was checked as well. I
compared the values of H*/D obtained from Geant4 and the measurements. A comparison also
was made with the previously measured H*/D values of the scattering Mevion system in order
to assess the amount of improvement in H*/D reduction introduced by the scanning Mevion
system.
An analysis was performed to compare the two Geant4 physics lists, i.e. QGSP BIC and
QGSP BIC HP, to estimate the error that was added to the neutron H*/D calculation results by
the use of QGSP BIC. The corresponding neutron fluence diagrams for the two physics lists
were drawn. Neutron H*/D spectra incident to the water phantom were analyzed. In addition
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to the sources of uncertainty listed in the conclusion of Chapter 2, the QGSP BIC physics list,
chosen to reduce the computation time, introduced another source for the uncertainty to the
neutron calculations in this Chapter. Finally, I presented the pie charts of the H*/D contributions from the different nozzle and room items for both removed adaptive aperture and closed
adaptive aperture and also for two beam energies of 120 MeV and 227 MeV.
For each simulation and measurement point, the percentage differences between the two
data points were compared. The difference was up to a factor of 2 between the two cases, i.e.
the Geant4 simulations and the WENDI-2 measurements. The simplified Geant4 model could
be one reason for this difference.
As possible improvements to the work performed in this dissertation, simulating the gamma
radiation inside the treatment room would enhance the analysis for radiation protection purposes. Also, a sensitivity analysis of H*/D for parameters that have not been studied so far
would increase the accuracy of the analysis and could lead to a better understanding of the
optimization procedure for the secondary radiation in the proton-therapy treatment room. An
example of such parameters could be different materials and different densities inside the nozzle, and different materials in the room construction.

4.4

Blind predictions of the neutron H*/D values with and
without the water phantom at the isocenter

The final sections of Chapters 2 and 3 consisted of the plots of neutron dose predictions at
several points in the space of the treatment room across the X-axis and Z-axis. The reliability of
the data points, as blind predictions by the model, were based on the benchmarked calculations
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using a set of previous measurements and simulations at the isocenter and 5 other points across
the X-axis (x= 20 cm, 40 cm, 60 cm, 80 cm, 100 cm and 150 cm). These benchmarking steps
have been discussed in the both chapters. The figures describing the geometry configuration
and the corresponding data point tables have been provided in Figure 4.1 and Tables 4.2 and
4.3, respectively.

(a) Scoring neutrons with water phantom

(b) Scoring neutrons without water phantom.

Figure 4.1: 3D configuration of the nozzle components and the accelerator of a scattering Mevion system. Spherical neutron scorers were set across the X-axis and the Z-axis. Computation of the H*/D values were performed
with and without a water phantom of size 35×35×35 cm3 at the isocenter.
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According to Figures 4.3, a line of neutron scorers have been positioned along the Z-axis.
These set of scorers record the passing neutrons at a height 50 cm below the isocenter. The
calculations of neutrons across the X-axis, however, involved 7 different heights for 7 sets of
scorers. In the figures above, only one of these sets, i.e. at height y=0 cm, measured from
the isocenter, have been shown. A similar simulation was performed for the scanning Mevion
system using the same scorer configurations, with the scanning nozzle replacing the scattering
nozzle shown in the figures above. The data for both of the systems are provided in tables below.

Table 4.2: Calculated H*/D values across the X-axis for the scattering and the scanning Mevion systems with
minimum beam energy degrading and field sizes of 10×10 cm2 . Data with and without water phantom are listed
for both systems.

Distance x from
the isocenter (m)
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0 (isocenter)
0.5
1.0
1.5
2.0
2.5
3.0
3.5

H*/D (mSv/Gy)
[scattering]
[with WP]
0.69
0.88
0.99
1.30
1.81
2.44
3.83
9.20
3.62
2.24
1.27
1.02
0.65
0.55
0.52

H*/D (mSv/Gy)
[scattering]
[without WP]
0.59
0.73
0.90
1.20
1.57
2.17
3.08
5.45
3.31
2.04
1.39
0.96
0.88
0.61
0.42
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H*/D (mSv/Gy)
[scanning]
[with WP]
0.06
0.05
0.10
0.16
0.21
0.47
1.04
4.72
0.99
0.37
0.23
0.13
0.08
0.08
0.05

H*/D (mSv/Gy)
[scanning]
[without WP]
0.014
0.021
0.005
0.020
0.041
0.040
0.091
0.757
0.075
0.045
0.030
0.007
0.007
0.006
0.006

Table 4.3: Calculated H*/D values across the Z-axis for the scattering and the scanning Mevion systems with
minimum beam energy degrading and field sizes of 10×10 cm2 . Data with and without water phantom are listed
for both systems.

Distance z from
the isocenter (m)
2.0
1.5
1.0
0.5
0.0 (y= -0.5 m)
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-4.0
-4.5
-5.0
-5.5
-6.0
-6.5

H*/D (mSv/Gy)
[scattering]
[with WP]
6.28
4.79
2.69
2.37
1.32
1.41
0.79
0.49
0.32
0.22
0.16
0.13
0.11
0.10
0.09
0.06
0.05
0.06

H*/D (mSv/Gy)
[scattering]
[without WP]
6.11
4.71
2.72
2.19
1.05
0.49
0.35
0.27
0.22
0.16
0.14
0.13
0.13
0.11
0.11
0.10
0.15
0.24
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H*/D (mSv/Gy)
[scanning]
[with WP]
0.10
0.13
0.18
0.31
1.26
4.70
3.63
2.02
1.24
0.83
0.63
0.53
0.42
0.26
0.32
0.33
0.33
0.49

H*/D (mSv/Gy)
[scanning]
[without WP]
0.029
0.029
0.044
0.058
0.116
0.102
0.073
0.124
0.138
0.102
0.094
0.138
0.116
0.131
0.174
0.262
0.473
1.185
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J. Hérault, “Experimental Characterisation of a Proton Kernel Model for Pencil Beam
Scanning Techniques,” Phys. Medica, vol. 64, pp 195–203, (2019). doi: {10.1016/j.
ejmp.2019.07.013}.
[20] M. Kang and D. Pang, “Commissioning and Beam Characterization of The First GantryMounted Accelerator Pencil Beam Scanning Proton System,” Med. Phys., vol. 47, pp
3496–3510, (2020). doi: {10.1002/mp.13972}.
[21] B. Jones, T. S. A. Underwood, C. Timlin, and R. G. Dale, “Fast Neutron Relative Biological Effects and Implications for Charged Particle Therapy,” (2011). doi: {10.1259/
bjr/67509851}.
[22] H. R. Withers, H. D. T. Jr, and L. J. Peters, “Biological Bases for High RBE Values for
Late Effects of Neutron Irradiation,” (1982).
[23] H. P. Leenhouts and K. H. Chadwic, “A Theoretical Analysis of Radiation Sensitivity in
Cells Following NeutronIrradiation,” Biological Effects of Neutron Irradiation, IAEA,
Neuherberg (Munich), Germany, pp 151–163, (1973).

138

[24] J. C. McDonald, R. B. Schwartz, and R. H. Thomas, “Neutron dose equivalent conversion coefficients have changed in the last forty years... Haven’t they?” Radiat. Prot.
Dosimetry, vol. 78, pp 147–150, (1998). doi: {10 . 1093 / oxfordjournals . rpd .
a032346}.
[25] A. Ferrari, M. Pelliccioni, and M. Pillon, “Fluence to Effective Dose Conversion Coefficients for Neutrons: A Comparison Between Results Obtained by MCNP and FLUKA
Codes,” Radiat. Prot. Dosimetry, vol. 74, pp 261–266, (1997).
[26] F. Englbrecht, S. Trinkl, V. Mares, W. Rühm, M. Wielunski, J. Wilkens, M. Hillbrand,
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Appendix A: Geant4 vs. MCNP
cross-section comparison
The material in this Appendix is provided as a supplementary and supporting background to the
benchmarking processes performed in the previous Chapters. Neutron cross-section libraries
used in Geant4 are in G4NDL format and distributed by IAEA [56]. A comparison between the
cross-section data used in Geant4 and MCNP for the relevant target materials in the previous
Chapters has been provided here.
In the recent releases of Geant4 (after version 10.6), neutron cross-section datasets, for
energies less than 20 MeV, have been evaluated from the JEFF-3.3 data library. This library has
been converted into the suitable Geant4 cross-section format, i.e. G4NDL, to replace the default
Geant4 neutron library for more accurate calculations of the low energy neutron interactions.
MCNP uses the ENDF/B-VII.1 neutron cross-section database by default [57]. It is possible
to implement different cross-section databases in both Geant4 and MCNP. In a study of neutron
simulation in Geant4 and MCNP, Mendoza et al [56] incorporated JEFF-3.3 for both Geant4
and MCNP to assess the agreement between the two codes based on the same cross-section
library. Other neutron data libraries, such as JEFF-3.2 and ENDF/B-VIII.0, were also used
in the same manner to compare the performance of the two codes based on each dataset. 107
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and 108 source neutrons have been used in reference [56] incident on a cylinder for several
elements, and the energy spectra of the secondary neutrons integrated into all angles have been
compared. The average of relative deviations of the number of detected neutrons in each energy
bin between Geant4 and MCNP has been used as a measure of discrepancy between the two
codes. The comparisons have been made for 562 isotopes using JEFF-3.3. Among all, 6% of
the isotopes have resulted in relative deviations of neutron spectra with a value above 0.015.
The best agreement between Geant4 and MCNP was observed when JEFF-3.3 was utilized
for both codes [56]. In general, there exist 6 new releases of G4NDL libraries: JEFF-3.3,
JEFF-3.2, ENDF/B-VIII.0, ENDF/B-VII.1, BROND-3.1 and JENDL-4.0u.
The default neutron cross-section data for Geant4 (JEFF-3.3) and MCNP (ENDF/B-VII.1)
have been compared for some elements that are more abundant in the geometries used in the
previous Chapters of this dissertation, i.e. H, O, C, Cu, Zn, Fe, Pb. Their natural abundance
has been assumed to obtain the corresponding cross-section diagrams. For each target element,
the cross-sections of different processes have been plotted on the following pages:
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A.1

Hydrogen

Comparison of hydrogen cross-section data between Geant4 and MCNP has been assured according to the following figures.

(a) Elastic scattering

(b) Inelastic scattering

Figure A.1: Neutron interaction cross-sections with hydrogen
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A.2

Oxygen

Comparison of oxygen cross-section data between Geant4 and MCNP has been assured according to the following figures.

(a) Elastic scattering

(b) Inelastic scattering
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(c) Neutron capture

Figure A.2: Neutron interaction cross-sections with oxygen
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A.3

Carbon

Comparison of carbon cross-section data between Geant4 and MCNP has been assured according to the following figures.

(a) Elastic scattering

(b) Inelastic scattering
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(c) Neutron capture

Figure A.3: Neutron interaction cross-sections with carbon
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A.4

Copper

Comparison of copper cross-section data between Geant4 and MCNP has been assured according to the following figures.

(a) Elastic scattering

(b) Inelastic scattering
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(c) Neutron capture

Figure A.4: Neutron interaction cross-sections with copper

(a) Elastic scattering
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(b) Inelastic scattering

Figure A.5: Proton interaction cross-sections with copper
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A.5

Zinc

Comparison of zinc cross-section data between Geant4 and MCNP has been assured according
to the following figures.

(a) Elastic scattering

(b) Inelastic scattering

153

(c) Neutron capture

Figure A.6: Neutron interaction cross-sections with zinc

(a) Elastic scattering
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(b) Inelastic scattering

Figure A.7: Proton interaction cross-sections with zinc
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A.6

Iron

Comparison of iron cross-section data between Geant4 and MCNP has been assured according
to the following figures.

(a) Elastic scattering

(b) Inelastic scattering
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(c) Neutron capture

Figure A.8: Neutron interaction cross-sections with iron

(a) Elastic scattering

157

(b) Inelastic scattering

Figure A.9: Proton interaction cross-sections with iron
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A.7

Lead

Comparison of lead cross-section data between Geant4 and MCNP has been assured according
to the following figures.

(a) Elastic scattering

(b) Inelastic scattering
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(c) Neutron capture

Figure A.10: Neutron interaction cross-sections with lead
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Appendix B: Maximum entropy
deconvolution (MAXED) neutron fluence
unfolding algorithm
In this Appendix, I have presented a study of the general algorithm used for neutron fluence
unfolding. In a few-channel detector system, such as an extended-range Bonner sphere (ERBS)
detector, a limited set of data points are obtained in a measurement experiment. An ERBS
system consists of 18 sphere detectors, each including a thermal neutron detector at the center,
a polyethylene shell, and some spheres encased with additional high-Z shells [35].
The endpoint data of an ERBS measurement consists of 18 count rates obtained from the
incident neutrons. Each detector-sphere combination has a specific response function to neutrons with different energies across the spectrum [41]. Rk (Ei ) response functions have been
modeled using MCNP for each detector-sphere combination, using the cross-section database
ENDF-B/VII.1. Given the count rate Nk , and known response functions Rk (Ei ), for each of the
18 spheres, the goal is to determine the neutron fluence φ(E).
The problem corresponds to an under-determined set of linear equations and thus the solution φ(E) to it is not unique. A mathematical algorithm proposed to this problem is the “max161

imum entropy deconvolution (MAXED)” code [58]. The MAXED algorithm, uses a-priory
information encoded in a default spectrum as an initial estimate for the unfolded spectrum solution. The default spectrum should contain a structure that embodies the properties of the
neutron source and the neutron interactions passing through the materials [58].
For an ERBS detector, the response functions are not sharply peaked and their overlap could
span across a few orders of magnitude in energy [58]. The spectrum unfolding problem is thus
an inference problem to make the best guess from the available information. The maximum
entropy method is an algorithm with the purpose of modifying the default spectrum to the one
that incorporates the measurement inputs Nk from each detector-sphere.
For a few-channel system, it is thus crucial to make efficient use of the a-priory information.
Applying the MAXED algorithm to find the final spectrum will preserve the a-priory structure
that is contained in the default spectrum. Thus the default spectrum is an important part of the
unfolding process.
In the MAXED algorithm an entropy function S is maximized. S is defined on the space of
the spectral functions φ(Ei ) = φi , and the default spectrum, φD (Ei ) = φiD . Each energy bin Ei
contributes to the entropy S by a value of S i = −(φi ln(φi /φiD ) + φiD − φi ) . Hence, the quantity
being maximized by the algorithm is defined as:

S =−

X
(φi ln(φi /φiD ) + φiD − φi )

(B.1)

i

The final spectrum preserves the structure of the default spectrum while maximizing the
entropy function. The maximizing process is under some constraints that are defined by the
measurements of the detector-sphere systems. The counted values of the detector denoted by
Nk and its response functions over the energy space, i.e. Rk (Ei ), define the constraint functions
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according to:

Nk =

X

Rki φi .

(B.2)

i

Maximizing the entropy function S under the constraint above leads to the final result, that is
the neutron spectrum φ(Ei ).
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Appendix C: ROOT TTree fluence data
analysis

This Appendix provides the details of the method that I have implemented in the Geant4 code
to calculate the fluence spectra. Both the ROOT TTree data analysis method and the geometry
of the neutron fluence scorer are discussed. The background of the TTree class was discussed in
Chapter 2 and the branch structure for the data storage was explained. In particular, whenever a
hit occurs within a sensitive region during a Geant4 simulation session, a predefined set of data
points will be stored on the leaves of each one of the TTree branches. As an example, Figure
C.1 shows an air-filled sphere of radius 10 cm defined as a sensitive region. A neutron passes
through without any interactions with the air inside the sphere. In such a case, only one data
point will be recorded and saved in the TTree object. The data point corresponds to the G4Hit
object that has been created at the entrance point because of the passage of the neutron into the
sensitive region. This point has been indicated in Figure C.1 by a yellow dot.
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Figure C.1: A fast neutron passing through the air-filled scorer sphere from the right side causing one hit at the
entrance point.

By printing out the data on all the branches corresponding to this event, the following line
would be a typical output:

Event ID: 42

Track ID: 56

hit ID: 11

Energy: 17.44 MeV

Next, in addition to the first neutron, a second neutron track (see Figure C.2), with the thermal
energy of 0.41 eV passes through the scoring sphere (yellow dot) making an elastic interaction
with hydrogen (orange dot) in air and finally it is captured by oxygen (red dot).
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Figure C.2: A second thermal-energy neutron passing through the air-filled scorer sphere from the right side
causing one hit at the entrance point (yellow dot), one elastic interaction (orange dot), and a neutron capture
interaction (red dot).

A typical dataset for these interactions, in addition to the previous neutron’s hit would appear
as following:
Event ID: 42

Track ID: 56

hit ID: 11

Energy: 17.44 MeV

(yello dot)

Event ID: 75

Track ID: 32

hit ID: 6

Energy: 0.41 MeV

(yello dot)

Event ID: 75

Track ID: 32

hit ID: 7

Energy: 0.41 MeV

(orange dot)

Event ID: 75

Track ID: 32

hit ID: 8

Energy: 0.13 MeV

(red dot)

The ”Event ID” data point in each line indicated the number of the event, i.e. the primary proton, in which the hit has been generated. The ”Track ID” indicates the number of the
secondary particle associated with the corresponding event. For example, the second neutron
observed in Figure C.2 corresponds to the 32nd secondary particle (i.e. track), that has been
produced in the simulation session (i.e. event) of the 75th primary proton. Even though having two neutron interactions inside a small region would be rare, the construction of a fluence
histogram from these events would require the elimination of the interior interactions. Conse166

quently, only the hits on the surface of the sphere will contribute to the fluence spectrum. For
such analysis code in ROOT, elimination of the neutron interactions with the nuclei of the air
inside the sensitive region is possible by checking the Track IDs of the data points: repeated
Track IDs in the same Event correspond to interior hits and they should not be counted in the
fluence. As a result, an empty ROOT histogram object, i.e. a TH1F object, gets filled with all
the incident neutron energies at the surface of the sphere. Similar to a discussion in Chapter 1,
section 1.5, any neutron track that passes through the scoring sphere is necessarily perpendicular to one of the large circle’s planes that halves the sphere. Such a track, in addition to all other
tracks, can be rotated so that all the tracks are aligned, or all the large circle planes coincide.
This condition corresponds to an aligned, expanded radiation field that has been discussed in
the ICRP and ICRU reports. Calculation of fluence, hence, is achieved by dividing the whole
histogram, discussed above, by the area of the large circle plane of the sphere.
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Appendix D: Neutron dose-equivalent
reproducibility comparison based on
reported experimentally-measured or
MC-calculated values for H*/D in the
passive scattering proton-therapy systems
from other authors

In this Appendix, I review the reported H*/D values by other authors as a study of the uncertainties in the measurements and calculations of the neutron H*/D quantity. Tables D.1 D.5 provide the values reported for the neutron total dose-equivalent per unit treatment Gy to
the isocenter. These values have been experimentally measured or calculated by MC codes in
several previous works. Reported values of H*/D across the literature shows large uncertainty
more than an order of magnitude [49]. In the work presented in the Chapters of this dissertation, I have benchmarked the Geant4 model with the Extended-range Bonner sphere (ERBS)
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measurements performed at the same proton-therapy facility by Howell et al [28].
In addition to the reference, [28], the Geant4 simulations of this work were in reasonable
agreement with the TOPAS simulation results of Prusator et al. [29]. On the contrary, as it was
mentioned above, the uncertainty between the measurements in reference [29], performed by
SWENDI-2 detector for a similar proton-therapy system, and their simulation results were large
and the reported experimentally-measured values were smaller than the calculated values by an
order of magnitude. In the following pages, each table provides the data contained in one reference. The corresponding authors and references have been cited in the table captions. Within
the tables, the type of the proton-therapy system, its accelerator, the beam energy used, proton
field size, various nozzle configurations, and the position of the detectors (for experiments) or
scorers (for simulations) have been provided. Corresponding to each setup, the reported value
for H*/D and its uncertainty have been included in the tables.
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9.6 Tesla
2000 amp

Lower spine
SOBP: R10, M8

Upper spine
SOBP: R10, M8

Proton up to
250 MeV

Synchrocyclotron

Field
configuration
Whole brain
SOBP: R17, M16

Beam type
and energy

Mevion S250

Machine/
Accelerator
51.5%
blocking
aperture

57.5%
blocking
aperture

Gantry 90◦
large aperture

Gantry 0◦
large aperture

61.2%
blocking
aperture

Nozzle
configuration 2

Nozzle
configuration 1

x=0 cm

Water
353 cm3
Air

Water
353 cm3

z=50 cm

y=0 cm

fluence by
MAXED
from the
isocenter:

Water
353 cm3
Air

Air

Detector/Scorer
position
ERBS
unfolded

Target

Table D.1: Reported H*/D data points from ERBS measurements by Howell et al. [28].

2.71

2.63

2.79

2.30

3.94

H*/D
(mSv
Gy−1 )
3.95

1% <

Statistical
uncertainty
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inner:
polyethylene
outer:
stain-less steel

σ x =2.7 mm

σE =0.40 MeV

Proton
252 MeV

Mevion S250

Cylinder:
1.8 m diameter
1.2 m height

Beam type
and energy

Machine/
Accelerator

Cranial
(option 5)
Spinal
(option 9)

Spinal
(option 9)
(n/a)

Cranial
(option 5)

Field
configuration

Gantry 0◦
large applicator

Nozzle
configuration 1

95% blocking
aperture

25% blocking
aperture

(n/a)

Nozzle
configuration 2

Air

Water
353 cm3

Air

Target

from the
isocenter:
x=0 cm
y=30 cm
z=24 cm
from the
isocenter:
x=0 cm
y=17.5 cm
z=10 cm
At the isocenter

Detector/Scorer
position

28.6

11.8

3.0

4.2

2.5

H*/D
(mSv
Gy−1 )
5.5

Table D.2: Reported H*/D data points from MCNPX simulations and an analytical modeling by Baradaran et al. [27].

6-8% <

Statistical
uncertainty
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200 MeV

Proton
252 MeV

σE =0.42
MeV
σ x =2.3 mm

140 MeV

Hitachi

diameter=
35.4 cm

200 MeV

250 MeV

Large field

Field
Nozzle
configuration configuration
1
Medium
field
diameter=
25.5 cm
(n/a)

140 MeV

250 MeV

Beam type
and energy

Machine/
Accelerator

100%
blocking
aperture

Nozzle
configuration
2

except 0◦ )=1.04

Air
average
H*water /H*air
(for all angles

Target

At the
isocenter

Detector/Scorer
position

22.23

9.85

4.58

20.14

8.60

H*/D
(mSv
Gy−1 )
3.92

Table D.3: Reported H*/D data points from MCNPX simulations and an analytical modeling by Zheng et al. [59].

spectral fluence
bins at 1MeV

5% <
in neutron

28% <
in analytical
model

Statistical
uncertainty
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Beam type
and energy

Proton 250
MeV

σE =0.42
MeV

σ x =2.5 mm

Machine/
Accelerator

Mevion
S250

Synchrocyclotron

2000 amp

Configuration A
diameter:
14 cm
SOBP
Range:32 cm
Modulation:10 cm
Configuration B
diameter:
14 cm
SOBP
Range:32 cm
Modulation:10 cm
Configuration C
diameter:
25 cm
SOBP
Range:25 cm
Modulation:20 cm

Field
configuration

Large
applicator

Small
applicator

Nozzle
configuration
1
Large
applicator

2.71

0.94

0.44

0.90

H*/D
(mSv
Gy−1 )
0.36

Closed
field

from the
isocenter:
x=100 cm
y=0 cm
z=0 cm

Detector/Scorer
position

1.70

Water
35×41×68
cm3
9.6 Tesla

Target

Open
field

Closed
field

Open
field

Closed
field

Nozzle
configuration
2
Open
field

Table D.4: Reported H*/D data points from MCNPX simulations and SWENDI-2 measurements by Chen et al. [49].

1% <
in neutron
spectral
fluence
bins at
1MeV

Statistical
uncertainty
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Synchrocyclotron
9.6 Tesla
2000 amp

Mevion S250

Machine/
Accelerator

Proton
250 MeV

Beam type and
energy

SOBP
Range:15
cm
Mod:10 cm

SOBP
Range:30
cm
Mod:10 cm

SOBP
Range:25
cm
Mod:20 cm

Field
configuration

Gantry 90◦

Nozzle
configuration
1

cm3

cm2

cm2

Small
10×10

Water
30×30×40

Target

Deep
10×10

cm2

Nozzle
configuration
2
Large
20×20

y=0 cm
z=0 cm

from the isocenter:
x=100 cm

Detector/Scorer
position

0.19
(SWENDI)

0.21
(SWENDI)
2.0
(TOPAS)

0.36
(SWENDI)
2.2
(TOPAS)

H*/D
(mSv
Gy−1 )
2.2
(TOPAS)

Table D.5: Reported H*/D data points from TOPAS simulations and SWENDI-2 measurements by Prusator et al. [29], [53].

(n/a)

Statistical
uncertainty

Appendix E: Comparison of Geant4
physics lists: QGSP BIC HP and
QGSP BIC
In this Appendix, a comparison between two Geant4 physics models are provided. In order
to reduce the computation time in the computations performed in Chapter 3, I have used the
QGSP BIC physics list in Geant4 instead of its high-precision (HP) version QGSP BIC HP.
The two binary cascade physics lists implement the nuclear models and provide adequate
physics involved in proton-therapy [60]. The HP version is suitable for calculations in the
energy range of thermal neutrons. It can be observed in the obtained neutron spectra that simulation with the HP version renders the thermal neutron peak, while simulation with the regular
version does not. This leads to a difference in the integral neutron H* derived from the neutron
fluence spectrum that is presented in Table E.1. Figure E.1 provides a panel to compare the two
fluence spectra from the QGSP BIC and QGSP BIC HP physics class for several items in the
nozzle and the room.
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(a) Energy modulation system (EMS)

(e) Water phantom (internal fluence)

(b) Adaptive aperture (AA)

(f) Total fluence detected at 50 cm transverse distance

(c) Floor

(g) Total fluence detected at 100 cm transverse distance

(d) Ceiling

(h) Total fluence detected at 150 cm transverse distance

Figure E.1: Neutron fluence per unit treatment Gy per unit lethargy to the water phantom at the isocenter from
various items.
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In the energy ranges of evaporation and fast neutrons, the results of the two models agree to
a large extent. The exception is for the internal neutrons produced in the water phantom. According to Figure E.1 (e), the QGSP BIC model produced up to 15% less fast and evaporation
internal neutrons than the QGSP BIC HP model. This effect can be seen in the corresponding
values of the integral neutron absorbed H*/D listed in Table E.1. Generally, a lower neutron
fluence and H* are computed using the QGSP BIC physics list.
Although a large difference is seen in the calculated neutron fluence in the thermal energy
region by the two Geant4 physics lists, the resulting difference in the absorbed neutron H* from
the thermal energy region is small. This fact is due to about 50 times smaller ICRP coefficients
estimating the [H*/φ](E) in the thermal region compared to the evaporation and fast region.
These coefficients are shown in Figure E.2.

Figure E.2: ICRP coefficients estimating the absorbed neutron dose per incident neutron fluence to a tissueequivalent medium. The data points are given in units of “mSv per unit fluence” or mSv cm2 . Both x-axis and
y-axis are in logarithmic scale.

In Table E.1, the neutron H*/D to the water phantom from the various nozzle and room
components are listed for the two physics lists. The last three rows indicate the H*/D and φ/D
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(integral neutron fluence per unit Gy to the isocenter) simulated values by the two physics lists
detected at three transverse distances 50 cm, 100 cm, and 150 cm from the isocenter.
Table E.1: Neutron total H* and total fluence per unit treatment Gy to the isocenter absorbed to the water phantom
from various components calculated by QGSP BIC HP and QGSP BIC physics lists in Geant4 for 227 MeV beam
with removed adaptive aperture and a 10×10 cm2 field size.

Component
EMS
AA
WP
CLNG
FLR
Det: 50 cm
Det: 100 cm
Det: 150 cm

H*/D (mSv Gy−1 )
QGSP BIC HP QGSP BIC
6.32×10−4
5.4×10−4
−2
2.27×10
2.14×10−2
3.48×10−0
2.96×10−0
−3
1.29×10
1.20×10−3
−3
1.49×10
1.33×10−3
1.44×10−1
1.36×10−1
−2
4.56×10
4.44×10−2
2.42×10−2
2.29×10−2

%∆
14
6
15
8
11
6
2
5

φ/D (n cm−2 Gy−1 )
QGSP BIC HP QGSP BIC
2.18×103
1.81×103
4
6.52×10
6.08×104
2.2×106
1.9×106
3
8.18×10
5.82×103
4
1.04×10
6.58×103
5.07×105
3.66×105
5
1.7×10
1.20×105
1.01×105
6.48×104

%∆
17
7
14
29
37
28
30
36

It is concluded from Table E.1 that replacing the QGSP BIC with QGSP BIC HP would
lead to underestimation in the calculated absorbed neutron H* up to 15% for the internal neutrons and about 6% for the neutrons measured by a detector at 50 cm transverse distance from
the isocenter. In the neutron analysis sections provided in Chapter 3, the calculations were
based on QGSP BIC, because of its lower computation time.
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Appendix F: Particle therapy facilities in
clinical operation
The provided table in this Appendix has been entirely taken from the Particle Therapy CoOperative Group (PTCOG) website (last update: August 2021) [61]. The particle radiation
therapy facilities, including proton and carbon-ion, have been listed for the centers throughout
the world. In each row, the country, the center’s name, the particle type used, the accelerator’s
type and its maximum energy, the gantry type, and the commissioning date have been listed.
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Table F.1: Proton and carbon-ion particle therapy facilities in clinical operation around the world.

Country

Center’s name

Particle

Austria

MedAustron, Wiener
Neustadt

p

(S/C/SC)*,
Max.
energy
(MeV)
S 253

Beam directions

Start of
treatment

2016

C 230

2 horiz., 1 vertical fixed
beam**, 1 gantry**
(under construction)
2 horiz. and 1
verticalfixed beam**
1 gantry**, 1 horiz.
fixed beam
2 gantries, 1 fixed beam

Austria

C-ion

S 403/u

p

SC 235

p

China

MedAustron, Wiener
Neustadt
PARTICLE PC,
Leuven
WPTC, Wanjie,
Zi-Bo
SPHIC, Shanghai

p

S 250

3 fixed beams**

2014

China

SPHIC, Shanghai

C-ion

S 430/u

3 fixed beams**

2014

C-ion

S 400/u

4 fixed beams**

2019

p

C 230

2012

p

C 250

p

C 62

3 gantries**, 1 fixed
beam
3 gantries**, 1 horiz.
fixed beam**
1 fixed beam

p

C 230

1 gantry**

2018

p

C 250

3 gantries**

2018

p

C 230

1 gantry**

2019

p

C 230

1 gantry**

2019

France

Rutherford Cancer
Centres South Wales,
Newport, Wales
The Christie Proton
Therapy Center,
Manchester
Rutherford Cancer
Centres Thames
Valley, Berkshire
Rutherford Cancer
Centres North East,
Northumberland
CAL/IMPT, Nice

p

C65, SC
235

1 fixed beam, 1 gantry**

1991,
2016

France

CPO, Orsay

p

SC 230

1 gantry**, 2 fixed
beams

1991,
2014

Belgium
China

China

Heavy Ion Cancer
Treatment Center,
Wuwei, Gansu
Czech RePTC Czech r.s.o.,
public
Prague
Denmark
Dansk Center for
Partikelterapi, Aarhus
England
Clatterbridge
England

England

England

England
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2019
2020
2004

2019
1989

France

CYCLHAD, Caen

p

SC 230

1 gantry**

2018

Germany

HZB, Berlin

p

C 250

1 fixed beam

1998

Germany

HIT, Heidelberg

p

S 250

2 fixed beams, 1 gantry**

2009,
2012

Germany

HIT, Heidelberg

C-ion

S 430/u

2 fixed beams, 1 gantry**

2009,
2012

Germany

WPE, Essen

p

C 230

4 gantries***, 1 fixed beam

2013

Germany

UPTD, Dresden

p

C 230

1 gantry***

2014

Germany

MIT, Marburg

p

S 250

2015

Germany

MIT, Marburg

C-ion

S 430/u

India

p

C 230

Italy

Apollo Hospitals
PTC, Chennai
INFN-LNS, Catania

3 horiz., 1 45deg. fixed
beams**
3 horiz., 1 45deg. fixed
beams**
2 gantries, 1 fixed beam**

p

C 60

1 fixe beam

2002

Italy

CNAO, Pavia

p

S 250

3 horiz., 1 vertical, fixed beams

2011

Italy

CNAO, Pavia

C-ion

S 480/u

3 horiz., 1 vertical, fixed beams

2012

Italy

APSS, Trento

p

C 230

2 gantries**, 1 fixed beams

2014

Japan

HIMAC, QST, Chiba

C-ion

S 800/u

horiz.***, vertical***, fixed
beams, 1 gantry

1994,
2017

Japan

NCC, Kashiwa

p

C 235

2 gantries***

1998

Japan

HIBMC, Hyogo

p

S 230

1 gantry

2001

Japan

HIBMC, Hyogo

C-ion

S 320/u

horiz.,vertical, fixed beams

2002

Japan

PMRC 2, Tsukuba

p

S 250

2 gantries***

2001

Japan

Shizuoka Cancer
Center
STPTC,
Koriyama-City
GHMC, Gunma

p

S 235

3 gantries, 1 fixed beam

2003

p

S 235

2 gantries**, 1 fixed beam

2008

C-ion

S 400/u

3 horiz., 1 vertical, fixed beams

2010

Japan
Japan
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2015
2019

Japan

MPTRC, Ibusuki

p

S 250

3 gantries***

2011

Japan

p

S 235

p

S 250

Japan

SAGA-HIMAT, Tosu

C-ion

S 400/u

Japan

Hokkaido Univ. Hospital PBTC,
Hokkaido
Aizawa Hospital PTC, Nagano

p

S 220

2 gantries***,
1 fixed beam
2 gantries***, 1
fixed beam
3 horiz., vertical,
45 deg., fixed
beams
1 gantry

2011

Japan

Fukui Prefectural Hospital PTC,
Fukui City
Nagoya PTC, Nagoya City, Aichi

p

C 235

1 gantry

2014

Japan

i-Rock Kanagawa Cancer Center,
Yokohama

C-ion

S 430/u

2015

Japan

Tsuyama Chuo Hospital, Okayama

p

S 235

4 horiz., 2
vertical, fixed
beams
1 gantry

Japan

PTC Teishinkai Hospital, Sapporo,
Hokkaido
Hakuhokai Group Osaka PT Clinic,
Osaka
Kobe Proton Center, Kobe

p

S 230

1 gantry

2016

p

S 235

1 gantry

2017

p

S 235

1 gantry

2017

Narita Memorial Proton Center,
Toyohgashi
Osaka Heavy Ion Therapy Center,
Osaka
Hokkaido Ohno Memorial Hospital,
Sapporo
Takai Hospital, Tenri City

p

C 230

1 gantry**

2018

C-ion

S 430/u

2018

p

C 235

3 fixed beams, 6
ports**
1 gantry**

p

C 230

1 gantry**

2018

p

S 220

2 gantries**

2019

Poland

Nagamori Memorial Center of
Innovative Cancer Therapy and
Research, Kyoto
IFJ PAN, Krakow

p

C 230

1 fixed beam, 2
gantries

2011,
2016

Russia

ITEP, Moscow

p

S 250

1 fixed beam

1969

Russia

JINR 2, Dubna

p

1 fixed beam

1999

Russia

MIBS, Saint-Petersburg

p

C
200****
C 250

2 gantries**

2018

Russia

MRRC, Obninsk

p

S 250

1 fixed beam

2016

Japan

Japan
Japan
Japan
Japan
Japan
Japan
Japan
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2013
2013

2014

2016

2018

Russia

Federal HighTech Center of
FMBA, Dimitrovgrad
KNCC, IIsan

p

C 230

4 gantries**

2019

p

C 230

2007

Samsung PTC, Seoul

p

C 230

2 gantrie, 1 horiz.
fixed beam
2 gantries

Quironsalud PTC, Madrid

p

SC 230

1 gantry**

2019

Spain

CUN, Madrid

p

S 220

1 gantry**

2020

Sweden

The Skandion Clinic,Uppsala

p

C 230

2 gantries**

2015

Switzerland

CPT, PSI, Villigen

p

C 250

3 gantries**, 1 horiz.
fixed beam

1984, 1996,
2013, 2018

Taiwan

Chang Gung Memorial
Hospital, Taipei
Chang Gung Memorial
Hospital, Kaohsiung
UMC PTC, Groningen

p

C 230

2015

p

C 230

4 gantries**, 1 fixed
beam exp.
3 gantries**.

p

C 230

2 gantries***

2018

HollandPTC, Delft

p

C 250

2 gantries**, 1 horiz.
fixed beam**

2018

ZON PTC, Maastricht

p

SC 250

1 gantry**

2019

J. Slater PTC, Loma Linda

p

S 250

1990

UCSF-CNL, San Francisco

p

C 60

3 gantries, 1 horiz.
fixed beam
1 horiz. fixed beam

MGH Francis H. Burr PTC,
Boston
MD Anderson Cancer Center,
Houston
UFHPTI, Jacksonville

p

C 235

2001

p

S 250

p

C 230

Oklahoma Proton Center,
Oklahoma City
Roberts PTC,UPenn,
Philadelphia
Chicago Proton Center,
Warrenville
HUPTI, Hampton

p

C 230

p

C 230

p

C 230

p

C 230

2 gantries***, 1
horiz. fixed beam
3 gantries***, 1
horiz. fixed beam
3 gantries***, 1 fixed
beam
1 gantry, 3 fixed
beams
4 gantries***, 1
horiz. fixed beam
1 gantry**, 3 fixed
beams
4 gantries, 1horiz.
fixed beam

South
Korea
South
Korea
Spain

Taiwan
The
Netherlands
The
Netherlands
The
Netherlands
USA,
CA.
USA,
CA.
USA,
MA.
USA, TX.
USA, FL.
USA,
OK.
USA, PA.
USA, IL.
USA, VA.
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2015

2018

1994

2006
2006
2009
2010
2010
2010

USA, NJ.

ProCure Proton Therapy Center, Somerset

p

C 230

4 gantries***

2012

USA,
WA.
USA,
MO.
USA,
TN.
USA,
CA.

SCCA ProCure Proton Therapy Center,
Seattle
S. Lee Kling PTC, Barnes Jewish Hospital,
St. Louis
ProVision Cancer Cares Proton Therapy
Center, Knoxville
California Protons Cancer Therapy Center,
San Diego

p

C 230

4 gantries***

2013

p

SC 250

1 gantry

2013

p

C 230

3 gantries**

2014

p

C 250

2014

USA,
LA.
USA,
FL.
USA,
MN.
USA, NJ.

Willis Knighton Proton Therapy Cancer
Center, Shreveport
Ackerman Cancer Center, Jacksonville

p

C 230

3 gantries**, 2
horiz. fixed
beams**
1 gantry**

p

SC 250

1 gantry

2015

Mayo Clinic Proton Beam Therapy Center,
Rochester
Laurie Proton Center of Robert Wood
Johnson Univ. Hospital, New Brunswick
Texas Center for Proton Therapy, Irving

p

S 220

4 gantries**

2015

p

SC 250

1 gantry

2015

p

C 230

2015

St. Jude Red Frog Events Proton Therapy
Center, Memphis
Mayo Clinic Proton Therapy Center,
Phoenix
Maryland Proton Treatment Center,
Baltimore

p

S 220

p

S 220

2 gantries**, 1
horiz. fixed beam
2 gantries**, 1
horiz. fixed beam
4 gantries**

p

C 250

2016

Orlando Health PTC, Orlando

p

SC 250

4 gantries**, 1
horiz. fixed
beam**
1 gantry

UH Sideman CC, Cleveland

p

SC 250

1 gantry

2016

Cincinnati Children’s Proton Therapy
Center, Cincinnati
Beaumont Health Proton Therapy Center,
Detroit
Baptist Hospital’s Cancer Institute PTC,
Miami
MedStar Georgetown University Hospital
PTC, Washington DC
Provision CARES Proton Therrapy Center,
Nashville
Emory Proton Therapy Center, Atlanta

p

C 250

3 gantries**

2016

p

C 230

1 gantry**

2017

p

C 230

3 gantries**

2017

p

SC 250

1 gantry**

2018

p

C 230

2 gantries**

2018

p

C 250

2018

Stephensen Cancer Center, Oklahoma

p

SC 250

3 gantries**, 2
horiz. fixed
beams**
1 gantry**

USA,
TX.
USA,
TN.
USA,
AZ.
USA,
MD.
USA,
FL.
USA,
OH.
USA,
OH.
USA,
MI.
USA,
FL.
USA,
DC.
USA,
TN.
USA,
GA.
USA,
OK.
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2014

2015
2016

2016

2018

USA,
MI.
USA,
NY.
USA,
DC.
USA,
FL.
USA,
FL.
USA,
VA.
USA,
FL.
USA,
AL.
USA,
MA.
USA,
UT.

McLaren PTC, Flint

p

The New York Proton Center, East
Harlem, New York
Johns Hopkins National Proton
Center, Washington
South Florida Proton Institute,
SFPTI, Delray Beach
UFHPTI, Jacksonville

p

S
250/330
C 250

3 gantries**

2019
2019

C 250

3 gantries**, 1 horiz.
fixed beam**
3 gantries**,1 horiz.
fixed beam*
1 gantry**

p

S 250

p
p

C 230

1 gantry**

2019

Inova Schar Cancer Institute PTC,
Fairfax
UM Sylvester Dwoskin Proton
Therapy Center, Miami
University of Alabama PTC,
Birmingham
Gordon Browne Proton Center,
MGH, Boston
Huntsman Cancer Institute, Salt
Lake City

p

C 230

2 gantries**

2020

p

C 250

1 gantry**

2020

p

C 250

1 gantry**

2020

p

S 250

1 gantry**

2020

p

S 250

1 gantry**

2021

* S/C/SC = synchrotron (S) or cyclotron (C) or synchrocyclotron (SC)
** with pencil beam scanning
*** with spread beam and pencil beam scanning
**** degraded beam
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2019
2019

